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BRDs do not significantly impact commercial crab catch in 
standard hard crab pots. In peeler crab pots, BRDs have a 
significant negative impact on crab catch. In both standard 
and peeler pots BRDs decrease bycatch. 
Abstract 
The blue crab, Callinectes Sapidus, is both an 
economically and ecologically important species in the 
Chesapeake Bay. The Virginia Marine Resources Commission 
(VMRC) reported over $25 million in blue crab landings in the 
2008 annual fishing summary. The blue crab fishery is the one 
of the most profitable fisheries in Virginia, second only to sea 
scallop fishery. In the Chesapeake Bay estuary, crab pots are 
the primary fishing gear used for the species. A pressing 
problem with crab pots, however, is bycatch of terrapin 
turtles, as crab pots catch many bycatch species including 
terrapins. Trapping of terrapins frequently results in 
mortality, since they cannot get to the surface for air. Bycatch 
Reduction Devices (BRDs) provide a possible solution to the 
problems, yet many watermen have claimed BRDs decrease 
their commercial crab catch in their standard crab pots. On 
the other hand, some claim that BRDs attract crabs in the 
peeler crab type of pots. BRDs are rectangular covers that are 
placed over the entrance to crab pots and, subsequently, help 
to block entry of bycatch. Our goal was to test the effects of 
BRDs on bycatch and crab catch in both standard crab pots 
and peeler pots. We hired watermen on the Rappahannock, 
York, and James rivers to place both peeler crab pots and 
standard crab pots along their own crab pot lines. There were 
two separate studies; one tested peeler pots with BRDs and 
one tested standard pots with BRDs. Based partially on claims 
made by the watermen, we predicted that crab catch would 
be negatively impacted by the use of BRDs in standard pots 
and that the catch would increase in peeler pots. We also 
predicted that bycatch would be decreased when using BRDs 
and also that crabs in BRO-equipped standard pots would be 
smaller in width than crabs than those caught in pots without 
BRDs. Using AIC statistics, we found that BRDs did not have 
the anticipated negative effect on commercial hard crab catch. 
On the other hand, BRDs had an unanticipated effect on 
peeler pots, decreasing the total peeler catch. In both types 
of pots, BRDs decreased bycatch of other species. 
Introduction 
The blue crab is a source of much political debate and 
many policy issues because it represents the second most 
profitable commercial fishing industry in Virginia (VMRC, 
2010). From 1993 to 2008, the Chesapeake Bay blue crab 
population dropped from ~900 million crabs down to ~300 
million crabs (Zohar et al. 2008). In 2008, the state of Virginia 
made the decision to close the dredge fishery. The dredge 
fishery was conducted in the winter and was destructive to 
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both the habitat of crabs and the population of crabs. In 2009, 
there was a rebound of approximately 138 million crabs, and 
in 2010, there was an increase of 240 million more on top of 
that, due to closing the dredge fishery. That equates to 
approximately a 50% rebound in the crab population over the 
two years following the closing of the winter fishery. 
As a result of this sudden closing of a predictable 
source of revenue for watermen, NOAA provided grant 
funding for disaster relief. The funding also supported a 
collaborative effort between VIMS, VMRC, and the affected 
watermen, to work together in researching different types of 
gear and different policies and regulations. One of these 
research topics was the use of BRDs on commercial crab pots. 
We looked at BRDs on both standard and peeler crab 
pots and examined the effects on total crab catch and 
bycatch. Standard pots are made from a larger mesh size and 
are typically baited with fish or clams. They are designed to 
trap adult blue crabs looking to feed. Cull rings are placed in 
the top chamber of the pot to let out illegal crabs {<5 in.). 
Peeler pots are designed to catch smaller crabs on the verge 
of molting and therefore are made with a smaller cage mesh. 
The pots are often baited with a mature male (Jimmy) crab to 
lure female peeler crabs. Female peeler crabs are attracted to 
the Jimmy as a mate and are then trapped inside the cage. 
BRDs are rectangular, plastic frames that can be placed over 
the funnels of crab pots to filter out bycatch and are 
particularly targeted at terrapins. They are designed to block 
bycatch but to still allow crabs to enter. 
Approximately 15-78% of a terrapin population can be 
removed in one year by mortality in crab pots (Roosenburg et 
al. 1997). As terrapins are a protected species in several 
states, they too represent a contentious and political topic. 
We predicted a decrease in crab catch in standard pots when 
BRDs were in use. In peeler pots, on the other hand, we 
expected to see an increase in crab catch with BRDs. Both of 
these predictions were partially based on claims by watermen. 
We hypothesized that bycatch would significantly decrease in 
both pot types with BRDs. Finally, we predicted that crabs in 
standard pots with BRDs would be smaller than crabs in pots 
without BRDs. This prediction was based on the possibility 
that the very large crabs, approximately 18 cm and larger, may 
be too thick from top to bottom to fit through the BRD 
opening. 
In 2009, Rook et al. tested the impact of BRDs on 
commercial crab catch in standard crab pots. Results from that 
study using one site in the James and on site in the York River 
determined that there was no significant impact on crab catch 
when using BRDs (Rook et al. 2010). We aimed to spatially 
and temporally expand on this research by placing 
experimental pots all over the Chesapeake Bay and by 
sampling three times over a year. Watermen were employed 
to help conduct the study. Watermen are very skeptical of 
using BRDs on standard crab pots. 
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Methods 
We chose three rivers for this study; the 
Rappahannock, York, and James. On each river, we chose an 
upper and lower location on the river, and with each location, 
we hired a different waterman . The locations varied slightly 
between the peeler pot section of the study, which was done 
in the spring, and the standard pot study, which was done in 
the summer. Most of the watermen in the earlier, peeler pot 
section stayed on for the later, standard pot study but some of 
the standard pot watermen were different than those used in 
the peeler pot section. 
Each waterman placed 10 peeler pots with BRDs and 
10 peeler pots without BRDs along crab pot lines where they 
would normally crab and tended the pots just as they would 
their own. In the standard pot section, they received four pots 
with BRDs and four pots without BRDs and also tended them 
as their own. For each pot, watermen would take 
measurements of carapace width of each crab, bycatch 
numbers and species, and would make comments on 
individual crabs. Each set of pots was fished four times, and 
VIMS personnel were on board for two of every four days. 
VIMS took measurements of each crab behind the watermen 
as a check on the measurements provided by the watermen 
and we used the VIMS measurements to calibrate that of the 
watermen. 
We processed the data using Akaike's Information 
Criterion (AIC) statistics. This method provided a number of 
benefits over traditional statistical p-value testing. It allowed 
us to test multiple hypotheses, or models, and find a relative 
weighted probability that each model would be the best fit for 
the data. AIC also allowed us to look at the individual 
parameters' effects within each model. We ran three different 
models as hypotheses through the AIC test. There were four 
sets of data total, comprised of response variables peeler and 
standard pot bycatch and crab catch (as seen in Tables 1-4). 
The first model involved only BRD as the important factor 
explaining the response. The second model tested location 
and river as the important factors. Finally, the third model 
tested BRD, location, and river all together. Then we looked 
at the highest weighted models for explaining each of our 
response variables. In total, we had four best fit models 
consisting of one each for standard pot crab catch, standard 
bycatch, peeler pot crab catch, and peeler bycatch. 
Results 
Results in this study were nearly opposite of what we 
expected in terms of crab catch as a response variable. There 
was no significant effect of BRD usage on crab catch in 
standard pots (Figure 1). While the mean number of crabs per 
pot was slightly lower ("'0.5 crabs/pot) in BRD pots, the 
statistical confidence in that difference was minimal (Table 3). 
In peeler pots, BRDs did have a negative effect on crab catch, 
resulting in approximately one crab per pot less than peeler 
pots without BRDs (Figure 2). In both kinds of pots, there was 
a decrease in bycatch of approximately 0.1 individuals per pot 
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when using a BRD, which was consistent with our hypotheses 
(Figures 3 and 4). Also, all four Terrapins caught in this study 
were caught in pots without BRDs. Finally, looking at crab 
width, we found a minimal difference of approximately -1.5 
mm in carapace width in crabs caught in non-BRD pots (Figure 
5). 
Using AIC statistics, we found that the best way of 
explaining both crab catch and bycatch in standard pots was 
using the model including location and river and not including 
BRDs (Tables 1 and 3). An interesting note on BRD usage is 
that the AIC statistics only showed a -0.G0+0.44 effect on 
crab catch per pot, which is minimal (Table 3). AIC deemed 
this insignificant in the models. On the other hand, in peeler 
pots the model using BRD, location, and river together proved 
to be the best fit for the data (Tables 2 and 4). Peeler pots 
showed a parameter estimate change of 0.93 +0.16 per pot 
for BRDs in the best model, as related to a mean value of 2.57 
crabs (Table 4). 
Discussion 
In this study, BRDs did not have a significant impact on 
crab catch in standard pots. Largely based on claims made by 
watermen we had predicted there to be negative impact 
when using BRDs. On the other hand a 2010 study showed 
there to be no effect from BRD usage (Rook et al. 2010). We 
were surprised to find that, when tested in the crab industry 
and using the crabbers that work in it, that the insignificant 
effect held. The next step will be to present these results to 
watermen and the VMRC, and results will likely prove 
contentious and politically charged. As previously noted, 
however, this is why we used the watermen to obtain our 
data. The methods watermen use on their pots provided us 
with all of the results, and therefore they may be more 
inclined to trust the results. 
We were also surprised to find that peeler crab pots 
had lower catch numbers when BROs were used. This result 
was opposite of the pattern many watermen believed would 
be seen. Peeler crabs tend to be much smaller in size than 
hard crabs caught in standard pots. A University of Maryland 
study on peeler crab pots expected an average peeler crab 
size of 98mm (Miller, 2001). We thought that the smaller size 
of peeler crabs would likely not lead to any BRO effect, or 
possibly a positive effect. 
The decrease in bycatch was as we expected, with a 
decrease when BROs were in use. In contrast, there was only 
a minimal {1.5 mm) and non-significant difference in mean 
crab width between standard crab pots with and without 
BROs, which was surprising. One possibility to explain this 
result is that in our study, conducted in the early summer, 
watermen weren't catching a sufficient number of larger crabs 
in their pots early in the summer to make a significant positive 
difference in the mean between the two pot types. 
Though some of the differences in the means seem 
minimal and potentially unimportant, when magnified by the 
hundreds of crab pots per crabber, the differences can be 
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substantial. For example, 0.5 crabs less per pot (when using a 
BRO) seems minimal, and 0.1 individual bycatch less seems 
like next to nothing; however, commercial crabbers can obtain 
a license for up to 425 standard pots and 210 peeler pots. If a 
commercial crabber has 400 pots out and catches 0.5 crabs 
less per pot, then that equates to 200 crabs less when tending 
every pot a single time. In terms of bycatch the difference 
would be 40 less bycatch individuals. Thus the totals over 
time can make a large difference. With the addition of more 
data from other locations, we will be able to determine more 
clearly whether the ~o.5 crab per difference will hold despite 
our current low confidence and overlapping confidence 
intervals due to a somewhat low sample size. There is the 
possibility that, with more data, the means for the BRO and 
non-BRO treatments will be farther apart and we will have 
more confidence in a decrease in catch with BROs. It is likely 
that there will have to be a judgment call made when this 
topic comes up for policy review with the VMRC. There will 
have to be some sort of trade-offs made between having 
slightly less crabs and having less bycatch when using BROs. 
Based strictly on these results, BRO regulation appears 
to be a practical regulation on standard pots, but only in 
certain areas. On peeler pots, the resulting decrease in catch 
seems like too strong of a deterrent to allow regulation. All 
four of the terrapins caught in this study were caught in areas 
close to the shoreline. A 1999 study showed that 1.9 m was 
the deepest average depth observed for terrapin habitats. 
That number was for adult female terrapins and all other 
terrapins were observed in average depths of 1.1 m to 1.4 m 
{Roosenburg et al.1999). The 2010 study on BRD usage in 
commercial crab pots focused largely on these shallow water 
areas where Terrapins thrive {Rook et al. 2010). In those areas 
where terrapin populations are high, BRDs should be 
regulated on commercial crab pots. Regulation in deeper 
waters farther from the shore, however, does not seem 
practical. 
In using a BRD regulation, as previously mentioned, the 
fishing industry would only be affected in a very minor way 
and many terrapins could be saved. The data showed that 
approximately half a crab per pot fewer were caught in 
standard pots when using a BRD compared to no BRD use. 
Despite low confidence, if the data were correct, then there 
would be a small decrease in revenue in the industry. It is 
important to remember terrapin populations in this equation 
too. Though we only caught four terrapins in this study, in the 
2010 study on BRDs 48 terrapins were captured, and 46 of 
those came in pots without BRDs {Rook et al. 2010). There is 
great potential to save a large number of terrapins with 
proper regulation of BRDs shallow water areas with dense 
terrapin populations. 
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Tables & Figures 
Table 1- Akaike' s Information Criterion (AIC) statistics for Standard Pot 
Bycatch. Pl-Effects of BRO usage vs. no BRO usage, P2-Effects of upper 
river vs. lower river, P3- Effects of Rappahannock River vs. James River, 134-
Effects of York river vs. James River 
±0.07 ±0.1 
Loe+ 309.46 0.59 0.09 Na -0.12 0.08 0.4 
River ±0.11 ±0.11 ±0.15 ±0.15 
BRO+ 310.33 0.38 0.15 -0.11 -0.12 0.08 0.4 
Loe+ ±0.12 ±0.1 ±0.11 ±0.15 ±0.15 
River 
Table 2 - Akaike' s Information Criterion (AIC) statistics for Peeler Pot 
Bycatch. Table heading abbreviations are as in table 1. 
±0.06 ±0.09 
Loe+ 1571.13 <0.005 0.89 Na -0.39 0.46 -0.31 
River ±0.09 ±0.09 ±0.11 ±0.1 
BRO 1529.3 1.0 0.61 0.56 -0.4 0.45 -0.31 




Table 3 - Akaike's Information Criterion (AIC) statistics for 
Standard Pot Crab Catch Table heading abbreviations are as in 
table 1. 
Loe+ 708.56 0.52 3.10 Na -2.84 1.75 
River ±0.43 ±0.44 ±0.57 
BRO + -2.84 




Table 4 - Akaike's Information Criterion (AIC) statist ics for Peeler 
Pot Catch Table heading abbreviations are as in table 1. 
BRO 2342.98 <0.005 2.38 0.92 Na Na Na 
±0.13 ±0 .18 
Loe + 2291.96 <0.005 3.03 Na -1.34 1.17 0.05 
River ±0.18 ±0.18 ±0.22 ±0.21 
BRO+ 2262.04 0.99 2.57 0.93 -1.36 1.15 0.03 
Loe + ±0.19 ±0.16 ±0.17 ±0.21 ±0.20 
River 
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Synopsis: Native seagrass Ruppia maritima and non-native 
macroalgae Graci/aria were compared as nursery habitats for 
juvenile blue crabs. Ruppia supported higher densities of juveniles 
than Graci/aria, but both supported substantially higher densities 
than unvegetated habitat, making them both effective nursery 
1. Introduction 
1.1. Background Information 
Macrophyte communities have long been noted as 
important ecosystems for the high productivity and diversity 
associated with them (Heck et al. 1995; Hovel & Lipcius 2001; 
Henninger et al. 2009; Moore, 2009). These communities provide 
many marine vertebrates and invertebrates with nursery habitat, 
food, and refuge (Heck et al. 1995; Henninger et al. 2009). The 
macrophytes Graci/aria spp. and Ruppia maritima have been found 
in substantial quantities within the Lynn haven River system (LRS). 
Historically, seagrasses have made up a substantial part of the near-
shore subtidal habitat of the LRS (David Wilcox, personal 
communication), while Graci/aria is a relatively recent non-native 
species. Both communities are known to provide important habitat 
to juvenile blue crabs (Mahalak 2009; Seitz et al. 2005). Since blue 
crabs play important ecological and economical roles (Baird and 
Ulanowicz 1989; Lipcius and Stockhausen 2003), it is important that 
we understand how these two macrophytes compare as juvenile 
blue crab habitat. 
Juvenile blue crabs enter the tributaries of the Chesapeake 
Bay as megalogpae beginning in mid to late July. When they find 
favorable substrate (seagrass, Graci/aria, etc.) they change to their 
more benthic morphology, which is nearly identical to the adult 
(Romuald Lipcius, personal communication). It is the new and 
recent recruits that were the focus of this study. 
As a non-native, Graci/aria's affect on the ecosystem and 
particularly its role as a juvenile blue crab nursery is poorly 
understood. Although other studies have examined blue crab 
survival (Falls 2008) and recruitment (Mahalak 2009), there are 
currently no previous studies that have compared juvenile blue crab 
recruitment into each of the two habitats. Because Graci/aria has 
been observed to tolerate greater temperatures and turbidity 
(Thomsen et al. 2007) than eelgrass (Moore et al. 1997), and 
because Ruppia has also been observed to recover faster than 
eelgrass, these two macrophytes may compensate for the loss in 
eelgrass as nursery habitat for blue crabs, which has historically 
provided critical habitat to juvenile blue crabs. Ruppia has been 
observed to be equally utilized by juvenile blue crabs as eelgrass 
(Pardieck et al. 1999), and is therefore a suitable alternative to 
studying eelgrass. 
1.2. Objectives and Hypotheses 
The first set of objectives and hypotheses examine juvenile 
blue crab abundances in Ruppia maritima and Graci/aria spp, and 
the factors that may affect those abundances. For the following 
models, y= crab abundance, Po= the intercept, p1x1= habitat type, 
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p2x2= the sampling date, P3x1x2= the interaction between habitat 
type and sampling date, and E= the included error. 
Objectives: 
1. To determine if juvenile blue crab abundance differs between 
Ruppia and Graci/aria. 
Hypothesis: Juvenile blue crab abundance will be greater in 
Ruppia than in Graci/aria . 
Model 1: y = Po+ P1X1 + E 
2. To determine if sampling date has an effect on juvenile blue crab 
abundance in Ruppia and Graci/aria. 
Hypothesis: There will be no effect of sampling date on juvenile 
blue crab abundance in Ruppia and Graci/aria. 
3. To determine if there is an interaction between habitat type and 
sampling date that effects the abundance of juvenile blue crabs 
in Ruppia and Graci/aria. 
Hypothesis: There will be an interaction that results in dissimilar 
changes in juvenile blue crab abundance between dates within 
Ruppia and Graci/aria. 
The second set of objectives and hypotheses examine size 
differences of juvenile blue crabs in Ruppia and Graci/aria, and the 
factors that may affect those sizes. For the following models, y= 
crab size, Po= the intercept, P1x1= habitat type, P2x2= the sampling 
date, p3x1x2= the interaction between habitat type and sampling 
date, and E= the included error. 
1. To determine if juvenile blue crab size differs between Ruppia 
and Gracilaria. 
Hypothesis: Juvenile blue crabs will be of similar sizes between 
Ruppia and Gracilaria . 
Model 1: y = Po+ P1x1 + E 
2. To determine if sampling date has an effect on juvenile blue crab 
size within Ruppia and Gracilaria. 
Hypothesis: The later sampling date will yield larger crabs than 
the earlier sampling date in both Ruppia and Gracilaria . 
3. To determine if there is an interaction between habitat type and 
sampling date that affects juvenile blue crab size in Ruppia and 
Gracilaria. 
Hypothesis: There will be an interaction between habitat type 
and sampling date that will result in dissimilar changes in juvenile 
blue crab size between dates within Ruppia and Gracilaria . 
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2. Materials and Methods 
2.1. Study Sites 
All samples were collected from Broad Bay, part of the 
Lynnhaven River system. Two sites of each habitat type, Ruppia and 
Gracilaria, were chosen along the southern shore of Broad Bay (see 
figure 1). All sampling points were no more than 1.5 m deep at high 
tide. 
2.2. Sampling Method 
Seven cores were taken at each site using an open cylinder 
(0.073 m2l with a 1 mm mesh bag attached to the top. Samples were 
rinsed to remove excess sediment (<l mm), placed in freezer bags, 
and then placed on ice for transport to the lab. At the lab, samples 
were frozen until processing. Once processed, carapace widths were 
measured for all crabs. All sampling occurred on two dates, July 15 
and July 21, 2010. One site of each habitat type was sampled on 
each day for a total of 4 sites and 28 samples. 
2.3. Data analysis 
All models and statistics were run in R. Models were ranked 
using Akaike's Information Criterion. The data was corrected for 
small sample size (n=28 for abundance analysis, n=125 for crab size 
analysis) and relative weights were obtained. Numerical models 
were then ranked by relative importance using these weights. 
3. Results 
3.1 . Crab Abundance 
Juvenile blue crab abundance was found to be higher in 
Ruppia than in Graci/aria for both dates. Abundance increased in 
Ruppia from 32 crabs on the first sampling date to 59 on the second 
sampling date (see figure 2) . Only 18 crabs were found in Graci/aria 
on both dates (see figure 3). For juvenile blue crab abundance, 
Model 1, which explained crab abundance by habitat type alone, 
received the lowest corrected AIC value (Al Cc in Tablel) and the 
highest weight. Model 3, which incorporated habitat type, date, and 
an interaction between the two, received the highest AICc value and 
the lowest weight. All models were weighted above 0.1 and were 
therefore all considered for biological significance. After examining 
the parameter values and their standard errors for each model (see 
table 1), our confidence in the ability of Models 2 and 3 to explain 
the data was sufficiently low to warrant their dismissal and accept 
Model 1 as the best explanation of the three models. 
Table 1- Crab Abundance AIC results. All p values are± standard error. 
Model 
Adjusted 
AICc Weight Po 
p, p, p. 
r, 
1 0.181 
2.S7 3.93 n/a n/a 
161.1 0.49 
:tl.05 :tl.49 
1.61 3.93 1.93 n/a 
2 0.203 162.0 0.32 :tl.23 ±1.47 :tl.47 
3 0.228 
2.57 2.00 <0.01 3.86 
163.0 0.19 
:tl.45 ±2.04 ±2.04 ±2.89 
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Figure 2 - Juvenile blue crab density was higher in Ruppia 
than In Graci/aria. The average densities were equivalent 
to 89 crabs/m
2 
in Ruppia and 35 crabs/m2 in Graci/aria. 
3.2. Crab Size 
For juvenile blue crab size, model 2, which explained crab 
size by date and habitat, received the lowest AICc value and the 
highest weight. Model 1, which explained crab size by habitat alone, 
received the highest AICc value and the lowest weight. Only models 
2 and 3 were weighted above 0.1, and were therefore the only ones 
considered for biological significance. Examination of the parameter 
values (see table 2) resulted in a very low confidence in model 3 and 
therefore model 2 was accepted as the best of the 3 models. 
Table 2 - Crab Size AIC results. All 13 values are± standard error. 
Model 
Adjuste 
AICc Weight Po 131 13, 13, 
d r' 
1 -0.0337 614.5 <0.01 
6.44 0.11 n/a n/a 
:t0.47 :t0.55 
2 0.458 586.7 0.75 
5.15 -0.34 2.65 n/a 
±0.47 to.so :t0.46 
3 0.432 
5.12 -0.29 2.72 -0.10 
588.8 0.25 
±0.59 :t0.74 :t0.84 U.01 
Mean carapace Width by Date 
8 7 
0 
Day 1 Day6 
Sampling Day 
Figure 3 - Mean carapace width increased from day 1 to day 6 by 
about 2.6mm. 
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Figure 1 · Study Sites. "R" represents Ruppia and "G" represents Graci/aria. 1 and 
2 refer to sampllng date. 
4. Discussion 
4.1. Crab Abundance 
As expected, Ruppia supported a higher abundance of 
juvenile blue crabs than did Graci/aria. As a native habitat, it is 
assumed that juvenile blue crabs are well adapted to Ruppia as a 
nursery habitat, given the high densities observed in this study. 
Although lower densities of juvenile blue crabs were found in 
Graci/aria than in Ruppia, densities of 35 crabs/m2 are still much 
higher than is found in unvegetated mud flats, where densities are 
approximately 14 crabs/m 2 {Moksnes and Heck 2006). The 
mechanisms underlying the observed differences in density may be 
quantitative or qualitative. The quantitative mechanism would 
imply that there was more Ruppia than Graci/aria in the collected 
sample, meaning that there may have simply been more habitat to 
serve as a nursery in Ruppia. Samples collected from this study will 
be reprocessed to obtain total volume of macrophyte to determine 
if habitat density plays a role in determine crab abundance. The 
qualitative mechanism implies that Ruppia is simply a better nursery 
habitat than Graci/aria and is capable of supporting larger densities. 
4.2. Crab Size 
The change in size of 2.6 mm from one date to another 
indicates that the crabs likely molted 1-2 times over the six days 
between sampling. There was no significant difference between the 
sizes of juvenile blue crabs between either habitat, which indicates 
that the same cohort is using both habitats. 
5. Implications 
Graci/aria provides an important ecosystem service despite 
being a non-native. Because of its ability to serve as a blue crab 
nursery, and the relatively high density of juvenile blue crabs found 
in it, it is possible that it may be able to compensate for the loss of 
eelgrass in the Chesapeake Bay if it occurs in sufficient quantities. 
With the poor water quality of the Bay at present, and with little 
improvement in sight, Ruppia and Graci/aria may be the most 
important blue crab nurseries in the lower Chesapeake. 
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NSF Summary: Daily production was estimated for individual 
Corbicula fluminea sampled in July and September 2009 from 
the Mattaponi River using the Edgar {1990) method. The 
unvegetated and mixed vegetation habitat sites exhibited 
greater mean production (mg AFDW m-2d-1) than the Hydrilla 
habitat; however, the mean production did not differ 
significantly among the three habitat types. 
Abstract 
Hydrilla verticil/ata is an invasive SAV (submerged aquatic 
vegetation) that has recently become the dominant species of 
SAV in the Chesapeake Bay. Up to this point, no research has 
been done to evaluate the community structure or secondary 
production of the benthic communities that these beds 
support. If exotic Hydrilla beds alter the secondary production 
of macrobenthos, then food webs and energy flow will also be 
affected. To assess the relative ecological value of Hydrilla as a 
habitat, I compared daily production (mg AFDM m-2d-1) of 
Corbicula fluminea among three different habitats 
(unvegetated, Hydrilla dominated, and mixed vegetation), in 
the tidal freshwater region of the Mattaponi River estuary. 
Five random 13.2 cm diameter cores were taken to a depth of 
15cm in July and September 2009 at each habitat. Daily 
production was estimated for each individual clam sampled 
using the Edgar (1990) method. Mean total production was 
computed per 5mm length class, habitat type and month 
sampled. The unvegetated and mixed vegetation habitat sites 
exhibited greater mean production than the Hydrilla habitat; 
however, the mean production did not differ significantly 
among the three habitat types. 
Introduction 
Submerged aquatic vegetation (SAV), defined as any 
submerged vascular plant, provides important habitat within 
the tidal freshwater portions of the estuaries of the lower 
Chesapeake Bay. Important taxa, including many species of 
fish, blue crabs, scallops, clams, shrimp, lobster, benthic and 
epibenthic macrofauna and insects utilize SAV as habitat. The 
physical complexity of SAV often improves water quality; root 
rhizome complexes bind sediments to increase sediment 
stability and deter erosion while complex above-ground leaf 
and stem structures can trap suspended sediment, lowering 
the resuspension rate of fine particles. SAV leaves can provide 
habitat for a large number of plants and animals including 
epiphytes and many species of larval insects that are structure 
dependent. These ecological services result in SAV habitats 
having greater diversity and abundances than comparable 
unvegetated habitats (Posey et al. 1993). SAV is also an 
important component of energy transfer in these 
communities; leaves produce large quantities of organic 
material that can be consumed by herbivores or returned to 
the detrital cycle (Fonseca et al 1997). The tidal freshwater of 
the Chesapeake Bay estuaries has historically had much higher 
densities of SAV coverage than currently exist (Rybicki et al. 
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2007). During the 1970s, SAV abundance was reduced by 
approximately 90% in the Chesapeake Bay area as a result of 
eutrophication caused by agricultural run-off, acid rain and 
sewage treatment plant effluent (Goldsbourgh 1997). Since 
1982, SAV abundances throughout the Chesapeake have 
increased. This resurgence is attributed to upgrades to sewage 
treatment plants, including enhanced phosphorous removal, 
decreased frequency of algal blooms and increased water 
clarity. 
Secondary production, net heterotrophic production 
derived from autotrophic primary production, is an ecological 
process increasingly used as an indicator of ecosystem health 
(Dolbeth et al. 2005). Secondary production is a valuable tool 
for tracking carbon and energy flow through ecosystems and 
is vital to the understanding of an ecosystem's function. The 
macrobenthic production in SAV beds provides a link between 
organic matter sources (e.g. benthic macro -microalgae, 
detritus, phytoplankton) and economically and ecologically 
significant fish and crustaceans living within the vegetation; 
the production of benthic macrofauna constitutes an 
important portion of the energy available to the entire 
estuarine system (Gillett and Schaffner 2009). Furthermore, 
the ecosystem services these benthic communities provide 
affecting estuarine water and sediment quality. For example, 
filter feeders remove particles from the water column and 
thereby enhance water quality, which can facilitate the 
growth of SAV (Diaz and Schaffner 1990). The invertebrate 
communities associated with SAV beds are an important prey 
source for higher trophic levels, especially fish and waterfowl. 
The invasive Asian clam, Corbicula fluminea (also 
known as C. manilensis), was first reported on the Atlantic 
Coast in the 1970s (Sousa et al. 2008}. This clam is an 
important component of the benthic invertebrate community. 
C. fluminea, a filter feeder, has been shown exhibit top-down 
control of phytoplankton; areas downstream of dense C. 
fluminea populations in the Potomac River estuary showed 
40%-60% abundance "sags" in phytoplankton (Cohen et al. 
1984). Furthermore, C. fluminea may be an important prey 
item for fish, waterfowl and otter in the Chesapeake Bay 
(Robinson & Wellborn 1988; Posey et al. 1993}. Finally, the 
introduction of C. fluminea into freshwater habitats has been 
correlated with the decrease of native bivalve abundances and 
diversity in North America and Europe. 
Hydrilla verticil/ata is an invasive species of aquatic 
vegetation that first arrived in the Chesapeake Bay during the 
early1980s (Posey et al. 1993). The proliferation of this exotic 
SAV has raised many questions within the Chesapeake Bay 
management community. H. verticillata is considered a pest 
because for boaters, landowners, and hydroelectric plants; it 
may reduce water flow and cause flooding. Furthermore, 
invasive species are traditionally viewed as a threat to natural 
communities within an ecosystem. In the case of H. 
verticillata, managers worry that this exotic plant may 
outcompete and eliminate native species of SAV and alter the 
ecosystem functions associated with these beds. However, 
recent reports suggest that while H. verticillata has become 
the dominate species of SAV in the Chesapeake watershed 
during the past 17 years, native populations of SAV have 
continued to grow throughout the study period as well 
(Rybicki et al. 2007). 
Different species of SAV support fauna I communities 
that differ in species composition (Theel et al. 2007} H. 
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verticillata beds in the Chesapeake Bay are associated with 
higher levels of fauna I densities than unvegetated sites (Posey 
et al. 1993). However, preliminary research for this project 
showed that mean macrobenthic production (g AFDM m-2{ 1} 
was greater in a SAV habitat characterized by a mixture of H. 
verticil/ata and an unidentified native species of SAV, than 
mean macrobenthic production in a SAV habitat with only H. 
verticillata or in an unvegetated habitat (unpublished data}. 
Preliminary results also suggest that bivalve production 
constitutes between 60%-70% total macrobenthic production 
at the sites sampled (unpublished data} and that Corbicula 
fluminea is the dominant bivalve species across all three 
habitat types. Thus, this project focuses on C. fluminea 
production as it is the most important species in all the 
habitats studied. 
As H. verticillata becomes progressively more 
prevalent throughout the freshwater regions of the 
Chesapeake ecosystem, it will be important to examine hoe 
macrobenthic food webs are structured and how they 
function within SAV habitats with H. verticillata relative to 
beds of native vegetation and unvegetated habitats. Dual 
stable carbon and nitrogen isotopic analysis can provide 
insights into how organic matter is transferred and 
transformed in complex estuarine habitats. Nitrogen isotopes 
are highly fractionated during the feeding process, much more 
so than carbon isotopes, and therefore nitrogen stable isotope 
data can be used to elucidate trophic shifts within a 
community of consumers while carbon stable isotope data can 
be used to determine which primary producers in a system are 
acting as the foundation of the food web (Minagawa & Wada 
1984; Fry 1991). 
If exotic H. verticiallata beds alter the secondary 
production and food web structure of the macrobenthos 
assemblages relative to native vegetation and unvegetated 
habitat, energy flow will also be affected creating a cascading 
effect that has important implications for production at higher 
trophic levels and other aspects of ecosystem function, such 
as nutrient cycling. The objective of this project is to measure 
C. fluminea production and analyze food web structure within 
beds of H. verticiallata, native vegetation, and unvegetated 
habitats of the Mattaponi and Pamunkey subtributaries of the 
York River, a major subtributary of the lower Chesapeake Bay. 
Methods 
Sites Selection 
Sampling was conducted in the tidal freshwater estuarine 
regions of the Mattaponi River on 13, 15 July and 21, 22 
September 2009. The Pamunkey River was sampled on 17 
June 2009. The Mattaponi River and Pamunkey River converge 
to form the York River, which is located in the lower 
Chesapeake Bay. These estuaries are important freshwater 
hatcheries for the York River and Chesapeake Bay (Wooden 
1999). Three habitat types within the Mattaponi, two 
vegetated and one unvegetated, were chosen for sampling so 
that beds of vegetation and unvegetated areas had 
comparable dimensions, depth and substrate type (when 
possible). The first site, located at 37.72188 N, 77.02840 W, 
was mostly unvegetated with a few patches of Hydrilla along 
the fringe of the sampling area. The sample area was adjacent 
to a very steep clay cliff which had undergone visible erosion. 
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The second sampling site, located at 37.73287 N, 77.04396 W, 
was characterized by mixed vegetation consisting of H. 
verticillata and an unidentified species. The vegetation at this 
site was young and still somewhat sparse, with considerably 
more of the unidentified species than H. verticillata. The final 
sampl ing site, located at 37.72359 N, 77.02547 W, was 
characterized by dense Hydrilla beds. Only one site, 
dominated by a dense bed of H. verticillata, was sampled in 
the Pamunkey. No mixed native vegetation or unvegetated 
habitats suitable for sampling could be found in the Pamunkey 
River. 
Data Collection 
At each of the study sites, five 13.2 cm diameter cores were 
taken to a depth of 15 cm, including associated vegetation (if 
present), at a series of pre-determined random points in an 8 
meter by 7.5 meter sampling grid. To sample vegetation, a 
core extruder was used to drain most of the water into a 
500um bucket sieve. Shoots were collected by hand, identified 
to species level and counted to calculate shoot density. Cores 
were sieved using a 500um bucket sieve, and collected into 
cloth bags which were kept on ice while in the field. 
Sediment cores were fixed with 20% buffered formalin 
with rose bengal dye for a minimum of 48 hours. These 
samples were then stored in jars with 10% buffered formalin 
and rose bengal. These samples were sieved using a 500 um 
screen and picked for all macrofauna. Macrofauna were 
stored in 2% buffered formalin. The length (dorsal/ ventral), 
width (anterior /posterior), and height of all Corbicula 
fluminea were recorded. Dry mass (DM) and ash free dry 
mass (AFDM) were determined by drying shucked organisms 
at 65 • C for ~24 hours and subsequently combusting at 550 • 
C for 4 hours. Organisms were massed using a balance 
sensitive to 0.1mg. 
Secondary Production Estimation 
Mean daily production of Corbicula fluminea was estimated 
using the empirical model of Edgar (1990) (Eq. 1) . This model 
relates daily production (P, µgd-1) for a single macrobenthic 
animal to biomass (B, µg AFDW) and water temperature (T, 
Q() with r2=0.94. Edgar (1990) formulated different models for 
different taxonomic groups (e.g. bivalves, crustaceans, 
polychaetes) but found them to be indistinguishable from the 
general model. 
Eq. 1 : P = 0.0049B0·89r°·8 
The Edgar equation was applied to each individual 
clam. Mean total production (mg AFDW m·2d-1) was calculated 
per 5mm weight class, habitat type and month sampled. 
These means were compared using one-way AVOVAs (Minitab 
15). 
Results 
Densities of C. fluminea were greater in July than in 
September except in the Hydrilla habitat, where densities 
remained constant. There appeared to be greater densities of 
C. fluminea at the unvegetated and mixed vegetation habitat 
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sites than at the Hydrilla habitat site. However, there was no 
significant difference between C. fluminea densities among 
habitat types (July: df = 2; F = 2.53, n.s.; September: df = 2; F = 
2.11, n.s.) (Fig. 1). 
Biomass (AFDW) of C. fluminea was extremely variable. 
There appeared to be no difference in biomass among 
sampling month. There appeared to be less biomass at the 
Hydrilla sampling site than as the unvegetated or mixed 
vegetation habitat sampling sites. There was no significant 
difference between C. fluminea biomass among habitat types 
(July: df = 2; F = 4.00, n.s.; September: df = 2, F = 1.59, n.s.) (Fig 
2). 
Projected shell area (mm2) was regressed to biomass 
(AFDW) with R2 = 0.9339 (Fig 3). 
Production of C. fluminea appeared to be the higher in 
July than in September. Production appeared to be the highest 
at the unvegetated habitat site and lowest at the Hydrilla 
habitat site. There was no statistical difference between C. 
fluminea mean production (mg AFDW m·2d-1) between 
sampling sites (July: df =2, F = 1.54, n.s.; September df = 2, F = 
0.77, n.s.) (Fig. 4). 
No C. fluminea were found at the Pamunkey River 
Hydrilla site. 
Discussion 
The sampling methods used for this study were 
designed to study the entire benthic community and were not 
designed for specifically sampling bivalves. As is commonly 
observed (Schaffner, personal communication), the observed 
bivalve distributions are highly variable due to both the patchy 
distribution of C. fluminea and relatively small sample sizes. 
Nonetheless, trends displayed in this data may still be useful 
in understanding C. fluminea production in relation to habitat 
type. 
Most importantly, this project suggests that C. 
fluminea dominate the macrobenthic production of the tidal 
freshwater in the Mattaponi River. Furthermore, a variety of 
length classes exist within these habitats. These results 
suggest that mean daily production of C. fluminea cannot be 
estimated by biomass alone. Per capita production for clams is 
greater for smaller, younger individuals than for larger, 
mature individuals; this trend is exemplified in the data . While 
the mixed vegetation site appeared to have greater biomass 
than the unvegetated site, the unvegetated site seemed to be 
more productive. The unvegetated site was characterized by 
larger densities of smaller clams, the only clams in length class 
1 (5-9mm) were found at the unvegetated site. The mixed 
vegetation site was characterized by fewer, larger clams, the 
only clams in length class 4 (20-24mm) were found at the 
mixed vegetation site. This suggests that smaller clams 
contribute more to site-specific mean daily production than 
do larger clams. Few C. fluminea were found at the Hydrilla 
site, and no live C. fluminea were found in the Pamunkey 
River, although there were remnant shells in the samples 
suggesting that C. fluminea had been present at the sampling 
site in the past. This suggests that Hydrilla may not be an 
optimal habitat for C. fluminea, but, more research is needed 
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to investigate the relationship between H. verticillata and C. 
fluminea. 
The next step in understanding carbon transfer and 
energy flow in these habitats is to use stable isotope data, 
which will help us to elucidate carbon sources and consumer 
trophic shifts for the organisms we have sampled. Animals 
have been collected from all three habitat types and prepared 
for stable isotope analysis by the Stable Isotope Lab at the 
University of California at Davis. Preliminary isotope analysis 
suggests that large (>20mm) C. fluminea feed at a higher 
trophic level than small (<20mm) C. fluminea and that large C. 
fluminea feed at the same trophic level as Unionidae, a mussel 
genus native to the Mattaponi and Pamunkey rivers 
(unpublished data). Sediment, SAV, epiphytes, algae, select 
invertebrates and fish samples have been collected during July 
and August 2010 for further stable isotope analysis. These 
samples will continue the time series and add replication to 
the study and answer questions concerning trophic structure 
in these habitats. 
Due to time constraints, production estimates of other 
taxonomic groups from the benthic cores were not made. 
These data, in conjunction with the production estimates 
provided by this study and the samples that have not yet been 
processed could be used to construct a more detailed 
understanding of how total habitat production may change as 
a result of the introduction of the invasive species Hydrilla 
verticillata and Corbicula fluminea. Tidal freshwater estuaries 
support a diverse community of nekton and are very 
productive systems. These estuaries serve as nurseries for 
many species of crustaceans and fish creating communities 
that are a mixture of marine and freshwater species with 
interactions that are not normally considered in either 
freshwater or marine systems (Wooden 1999). These habitats 
are important producers of carbon, detritus, and secondary 
production that serve as important inputs into adjacent 
systems. While energy and carbon transfer in these systems is 
very complex and often difficult to trace, it is important to 
understand how these communities function and how 
community changes, such as the introduction and 
proliferation of exotic and invasive species may alter the 
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Synopsis: This project evaluated the ability of four existing 
Chesapeake Bay 3-D numerical models to reproduce salinity 
profiles collected by the EPA Chesapeake Bay Program 
throughout 2004. It was found that, overall, the CH3D model 
demonstrated the greatest skill among the four model runs 
tested. In addition, it was found that the skill of each of the 
model runs was relatively independent of the depth of model-
data comparison within the water column. Also, it was found 
that the skill of CH3D and CBOFS2 runs are most strongly a 
function of salinity {high skill at low salinity), whereas the 
EFDC and ChesROM output skill is most strongly a function of 
latitude (high skill at high latitudes). 
Studying and Comparing Chesapeake Bay 3-D Hydrodynamic 
Models 
Abstract: 
The intended objective of this investigation was to 
begin to evaluate the skill of four Chesapeake Bay models, 
which are either currently being used or in the future will be 
used to predict the occurrences of hypoxia in the Chesapeake 
Bay. Modeled salinity estimates were compared with salinity 
observations from the Chesapeake Bay Program data set. 
Total Root-Mean-Squared Difference (RMSD), bias and 
unbiased RMSD were computed and plotted on Target 
diagrams. These statistics were then examined to see if model 
skill, defined here as total RMSD computed for salinity, was a 
function of latitude, salinity, bathymetry, or depth within the 
water column. The results indicate that CH3D has the greatest 
skill of the four model runs considered. Model skill was 
generally not a strong function of depth within the water 
column: the model runs did as well in the halocline as they did 
at the surface and at the bottom. It was also found that 
station latitude and salinity were two of the most significant 
factors in determining which of the model runs were most 
accurate. The skill of the CH3D and CBOFS2 simulations are 
strong functions of salinity (high skill at low salinity) whereas 
the skill of the ChesROMS and EFDC simulations are a strong 
function of latitude (high skill at high latitudes). These results 
imply that improving the boundary conditions used by the 
models in the vicinity of the Chesapeake Bay mouth might 
significantly improve model skill for all four models. In 
addition, the relatively low grid resolution of ChesROMS and 
EFDC in the mainstem of the lower Bay may be causing lower 
skill in this region of the model domain. 
1. Introduction: 
As part of a large project funded by the National 
Oceanic and Atmospheric Administration (NOAA) via the 
Southeastern Universities Research Association, different 
hydrodynamic and water quality models are currently being 
tested to assess their accuracy for future agency use, 
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especially in predicting the effect of hypoxia on Chesapeake 
Bay (SURA, 2010). 
Hypoxia in Chesapeake Bay is a consequence of 
sedimentation and decay of organic material in response to 
nutrient loading to the Bay (Gray, et al., 2002). Hypoxia affects 
the entire Chesapeake Bay ecosystem, including shifts in 
habitat formation for fish, effects on phytoplankton, and 
effects on the overall water clarity (Kemp, et al. 2005). 
Hypoxia occurs when oxygen levels reach 2.0mg 0 2r1 to 0.0mg 
0 2r1, when anoxia begins (Gray et al., 2002). At these lower 
oxygen levels, many organisms cannot survive for extended 
periods of time (Gray et al., 2002). By more accurately 
modeling hydrodynamics as well as the key ecological 
processes which influence the water's oxygen concentration, 
the larger SURA study will help modelers more reliably predict 
sites where hypoxia may occur so that it can be counteracted 
before the ecosystem becomes inhabitable. 
Within this project, the salinity fields generated by four 
different Chesapeake Bay hydrodynamic and water quality 
models were compared to in situ salinity data. Further 
analyses revealed whether or not model skill was a function of 
depth in the water column, latitude, dissolved oxygen, mean 
salinity, bathymetry, and/or bathymetric percent error. It was 
shown that latitude and mean salinity each plays a significant 
role in the models' accuracy. Through this, it was determined 
that, in general, CH3D is the most accurate. Also, although the 
model runs' accuracy was not a clear function of depth within 
the water column, the accuracy of two were found to be 
dependent on overall salinity while the accuracy of the others 
was dependent on latitude. 
This venture is a part of a larger project to evaluate the 
relative skill of the current working models of the Chesapeake 
Community Modeling Program with the ultimate objective of 
providing NOAA and other government agencies with more 
accurate models of Chesapeake Bay (SURA, 2010). In the long 
term, they hope to improve the prediction of hypoxia through 
these models. 
2. Method : 
The four models included in this project, CH3D, 
ChesROMS, EFDC, and CBOFS2, all comprise structured grids 
(SURA, 2010), which means that the grid points are arranged 
in rectangular pattern, although the rectangles can be (but do 
not have to be) gradually stretched as one moves through the 
model in space. All four models use grids that are stretched in 
the x and y horizontal directions. CH3D is a model developed 
over many decades by the Chesapeake Bay Program. This 
hydrodynamic model uses a z-grid, which means that the 
vertical grid spacing is always the same such that deep areas 
have more vertical grid points than shallow areas (Li, 2005). 
CH3D also has the finest horizontal resolution of the four 
models, with an x and y resolution of less than 1 km . 
ChesROMS and CBOFS2 are both based on the Regional Ocean 
Modeling System (ROMS) and use terrain-following 
coordinates, which means that the vertical grid spacing gets 
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smaller as the water gets shallower. The two ROMS models 
differ in that ChesROMS has a "'2km horizontal resolution, 
whereas CBOFS2 has a horizontal resolution of "'lkm (Li, 
2005). Like the ROMS models, the Environmental Fluid 
Dynamics Code (EFDC) is a model based off a stretched 
coordinate system in both the vertical and horizontal 
directions (Craig, 2005). In summary, the CH3D grid has high 
resolution throughout the entire Bay, CBOFS2 has high 
resolution in the main stem, EFDC has high resolution in the 
tributaries, and ChesROMS has a lower resolution throughout 
the Bay. 
The relative skill of output from these models was 
assessed using a variety of different metrics. This was done by 
using MATLAB software to compare model generated salinity 
fields from 2004 to salinity data from 28 EPA Chesapeake Bay 
Program station locations throughout the Chesapeake Bay. 
The model results were compared to the data in order to 
determine whether model skill was a function of latitude, 
dissolved oxygen, mean salinity, bathymetry, depth in the 
water column, and/or percent bathymetric error. 
Target diagrams were a large contributor to 
understanding bias and trends of the model results. Twenty-
eight stations were plotted together on Target diagrams, 
focusing on different schemes for grouping the data. Target 
diagrams use the following equation: 
Total RMSD2 =bias2 +unbiased RMSD2 
The unbiased RSMD and bias, combined on the Target 
diagrams, were used to explain model skill in terms of how it 
estimates the variability and mean (Jolliff, et al., 2009). 
In terms of the target diagrams, the total RMSD is the 
distance from the point of origin to the symbol. This is used to 
measure the model' s total skill or how close the model results 
come to the model observations. 
On a Target diagram, a model run's overall skill is 
observed through a standard deviation normalized to the 
data. On the Target diagram, total RMSD error equal to the 
standard deviation of the data lays at the radius 1. From this, 
if the dots are inside the circle, the model predictions at a 
given location are better than using the mean of all the 
observations at that location. On the other hand, if they fall 
outside of the circle, then taking the mean of the observations 
would actually be better than the model estimation at that 
point. 
For this project, model-data misfits for 28 stations 
were plotted on the Target diagrams, each at the surface, 
halocline, and their maximum depth. Then, for each observed 
variable, three colors were used to signify three categories, 
the low, medium, and high extremes of these data points. The 
colors were plotted onto the Target diagram and observed for 
possible trends among the data. 
The skill of the model runs at various Chesapeake Bay 
Program stations were compared to test where in the Bay 
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each of the model runs works the best. The Bay was 
separated into three latitudinal subsections, less than 37.9°N, 
38-38.8°N, and greater than 38.8°N. By doing this, it 
compared the upper and lower Bay stations. Also, shallow 
and deep stations were compared to determine where it was 
the most accurate. Total station depth was sorted as 0-9m, 
10-20m, and greater than 20m. And depth-averaged salinity 
was sorted as 0-9 ppt, 10-14 ppt, and greater than 14 ppt. 
The model output was then compared as a function of 
depth within the water column to determine whether the 
simulated salinity is more accurate at the surface, at the 
bottom, or in the halocline. To do this, the Target diagrams 
were color-coded for the three different depths to analyze 
trends at each spot individually in the water column. 
Next, the model results were compared based on 
depth errors in their bathymetric grids. The bottom depth 
output from each model was compared to the NOAA 
Bathymetry data set (J. Herman, pers. comm.), in order to 
calculate the bathymetric percent error of each model. This 
was plotted as the following: bathymetric errors less than 
9.9%, 10-29.9%, and greater than 30%. 
Finally, the total RMSD of each of the model runs was 
compared to see which of the four hydrodynamic model runs 
was the most accurate. 
3. Re ult : 







By comparing the four models using total RMSD as our 
metric, output from CH3D was seen to have the greatest 
overall skill in terms of reproducing the salinity observations in 
the Chesapeake Bay. Using the Target diagrams, in 
comparison to the other models, it had the most stations 
falling within the normalized standard deviation of the data 
{Figure 1). This means that among the four models 
considered, the output of CH3D was best relative to the mean 
of the observations. The total RMSD throughout the water 
column for this model was smaller than the other model runs 
{Table 1), indicating quantitatively that it produced a more 
accurate salinity simulation. The CH3D RMSD {1.035±0.036) 
indicates that approximately half of the stations fall inside the 
outer Target circle whereas the other models have more 
falling outside. 
Table 1: Total RMSD throughout the water column 
Model ChesROMS CH3D CBOFS2 EFDC 
Total 1.139 1.035 1.449 1.118 
RMSD±SE ±0.041 ±0.036 ± 0.052 ±0.040 
3.2 Skill as a function of depth in the water column 
By comparing the modeled salinities with the 
observations at various depths in the water column, it was 
found that each of the four models work equally well at the 
surface, in the halocline, and at the bottom of the water 
column {Figure 2). The total RMSD from each of the model 
runs at each of these locations in the water column {Table 2) 
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are all relatively the same, showing that the skill of the models 
is not a clear function of depth in the water column. 
Table 2: Total RMSD at various depths in water column 
Total urface Maximum Halocline 
RMSD±SE Deoth 
ChesROMS 1.111 ±0.048 1.348±0.044 0.960±0.064 
CH3D 1.003±0.055 1.079±0.049 1.023±0.057 
CBOFS2 1.487±0.060 1.430±0.037 1.432±0.083 
EFDC 1.194±0.05 I 1.131 ±0.042 1.029±0.134 
3.3 Model skill as a function of mean salinity, latitude, and 
bathymetry 
It was found that the skill of CH3D and CBOFS2 output 
was most strongly a function of salinity. These two models 
had more accurate output in the upper Bay and in the 
tributaries, where the stations were located in relatively 
freshwater. For example, CH3D results improved, as an 
average throughout the water column, froml.20±0.08 in high 
salinity waters to 0.84±0.07 in fresher waters. Also, CBOFS2 
improved from 1.59±0.09 to 1.08±0.07. Both of these stations 
had lower absolute bias in the low salinity areas. The blue 
dots, as represented in the target diagram in Figure 3, also 
show that the low salinity areas have the greatest total skill, as 
they have the greatest number of symbols falling within the 
outer circle. 
It was determined that the skill of ChesROMS and EFDC 
runs was most strongly a function of latitude. Both of these 
model runs have higher skill for northern stations than 
southern stations. More of the northern stations, the blue 
dots, fall within the circle, than the other colors (Figure 4). In 
comparison, the most southern stations, represented by the 
pink dots, fall the farthest outside the circle and are thus the 
most inaccurate. For example, in the northern portion of the 
Bay, the Total RMSD is 0.88±0.09 and 0.94±0.11 for EFDC and 
ChesROMS respectively, whereas in the southern portion of 
the Bay output from these models has significantly higher 
Total RMSD values (EFDC = 1.18±0.09; ChesROMS=l.19±0.08). 
Using bathymetry, it was determined that there was 
no strong correlation between the total depth of the water 
column and model skill for any of the four models. 
3.4 Bathymetric Error 
Unlike previously believed, bathymetric error did not 
play a large role in model accuracy. When looking at the 
numbers, there was not a clear correlation between model 
skill and the percent error in the bathymetry used in the four 
models. Thus, the Target diagrams do not show correlation 
between the dots, either between their color or location 
within the circle (Figure 5) . 
4. Di cu ion: 
Looking at the overall skill of the models, the CH3D 
model run performed the most accurately. As originally 
hypothesized, this would be the model run most likely to 
outperform the others because it had been analyzed most 
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thoroughly and has the greatest resolution of the four 
hydrodynamic models. The resolution allows for this model to 
be accurate and pick up more detail throughout the Bay. 
The accuracy of each of the four model runs was not 
clearly dependent on position within the water column (Table 
2). From looking at the Target diagrams, there is no definite 
pattern which points to one part of the water column being 
significantly more accurate than another (Figure 2). 
Looking at skill as a function of salinity and latitude, 
this dependence may be due to the boundary conditions and 
resolution in the southern half of the Bay. The skill of CH3D 
and CBOFS2 output increased at low salinity. This could be 
due to the boundary conditions these two models had in place 
at the Bay mouth. These boundary conditions at the Bay 
mouth are what force the salinity variable in the lower, more 
salty, part of the Bay. The skill of the EFDC and ChesROMS 
model output increases at high latitudes. This may have to do 
with the resolution of these two models. In the main channel 
in the southern part of the Bay, EFDC and Ches ROMS have 
relatively low resolution compared to the other models. This 
resolution could lead to less accurate results from the models 
due to not having as many grid points within key parts of the 
southern Bay. 
It was determined that bathymetric error was not as 
important a variable as originally hypothesized. Originally, it 
was thought that the models would have low skill if the 
bathymetry was incorrect. 
5. Conclusion 
The four Chesapeake Bay model runs tested in this 
analysis are most accurate in northern and freshwater 
systems. This may be caused by the boundary conditions used 
at the Chesapeake Bay mouth, which may need reevaluating. 
Similarly, the relatively lower skill of ChesROMS and EFDC 
output in the southern latitudes may stem from their lower 
resolution grids in the lower main stem of the Bay. 
Individually, the skill of these models is not clearly dependent 
on local position within the water column, local bathymetric 
depth or model bathymetric error. Finally, CH3D 
demonstrated the greatest overall skill of the four model runs 
considered. 
Future Work: 
The next step in analyzing these models will be to look 
at the Target diagrams with a longer best match time window. 
The comparisons made here were run using an instantaneous 
match, which looked for one spot in time. But examining 
model-data misfit over a window of several hours might 
improve model skill. Another next step would be to look at 
additional variables, such as temperature and dissolved 
oxygen, with more stations to see if there are different trends. 
Finally, the boundary conditions used at the Chesapeake Bay 
mouth may need to be reexamined. Future plans for the larger 
SURA project include rerunning models using consistent and 
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improved boundary conditions to directly determine how 
these affect model skill. 
Attachment I: Figures & Tables 
Figure 1: Target diagrams illustrating model-data misfit for 
salinity at 28 Chesapeake Bay Program Stations including 
surface, halocline, and bottom depth. 






















data misfi t 








Figure 2: As in figure 1, except symbols color coded to denote 
location in water column: blue= surface, green=bottom depth, 
magenta=halocline 
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Figure 3: CH3D and CBOFS2 target diagrams illustrating model 
skill as a function of salinity for 28 Chesapeake Bay Program 



















Figure 4: ChesROMS and EFDC target diagrams illustrating 
model skill as a function of latitude for 28 Chesapeake Bay 
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Figure 5: Target diagrams illustrating Bathymetric error for 28 
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Table 3: Total RMSD of ChesROMS using station data from 28 
Chesapeake Bay Program stations 
ChesROMS 
Total Surface Maximum Halocline 
Depth 
N Mean±SE Mean±SE Mean±SE 
Total 28 1.111 ±0.048 1.384±0.044 0.960±0.064 
RMSD 
Latitude N Mean±SE Mean±SE Mean±SE 
north 5 0.818±0.087 1.175±0.0.087 0.825±0.080 
Med Bay 10 1.225±0.070 1.416±0.039 0.892±0.085 
south 13 1.136±0.078 1.362±0.086 1.065±0.119 
Di solved Mean±SE Mean±SE Mean±SE 
Q>.,y~en 
Low 9 1.077±0.093 1.468±0.049 0.952±0.088 
Medium 11 1.221±0.089 1.300±0.098 0.758±0.064 
Hi£h 8 0.998±0.062 1.278±0.043 1.24 7±0.178 
Mean N Mean±SE Mcan±SE Mean± E 
Salinity 
Low 7 1.201 ±0.081 1.324±0.051 0.936±0.031 
Medium 10 0.981 ±0.056 1.290±0.071 0.860±0.081 
Hi£h I 1 l.172±0.104 1.416±0.084 1.068±0.145 
Bathvmetry N Mean±SE Mean±SE Mean±SE 
Low 11 1.115±0.062 1.236±0.037 0.771 ±0.062 
Medium 9 1.032±0.049 1.294±0.051 1.213±0.148 
Hi£h 8 1.074±0.138 1.456±0.126 0.790±0.086 
Percent Mean± E Mean±SE Mean± E 
Error 
Low 10 0.982±0.090 1.438±0.082 1.023±0.161 
Medium II 0.977±0.068 1.096±0.049 0.806±0.058 
Hi£h 7 1.339±0.104 1.444±0.106 1.012±0.098 
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Table 4: Total RMSD of CH3D using station data from 28 
Chesapeake Bay Program stations 
CH3D 
Total Surface Maximum Halocline 
Depth 
N Mean±SE Mean±SE Mean±SE 
Total 28 1.003±0.055 1.079±0.049 1.023±0.057 
RMSD 
Latitude N Mean±SE Mean±SE Mean±SE 
North 5 0.931 ±0.118 1.159±0.109 0.917±0.105 
Med Bay 10 0.947±0.053 l .024±0.060 0.878±0.079 
South 13 1.074±0.099 1.091 ±0.090 1.148±0.092 
Dissolved Mean±SE Mean±SE Mean±SE 
Oxy£en 
Low 10 1.011 ±0.050 1.052±0.066 0.890±0.084 
Medium 11 1.132±0.088 1.205±0.090 1.063±0.081 
Hi£h 8 0.817±0.123 0.937±0.103 1.073±0.141 
Mean Mean±SE Mean±SE Mcan±SE 
Salinity 
Low 7 0.775±0.100 0.954±0.073 0.795±0.094 
Medium 10 0.870±0.037 0.968±0.068 1.141±0.069 
Hi£h 11 1.270±0.099 1.288±0.074 1.030±0.111 
Bathymetry N Mean±SE Mean±SE Mcan±SE 
Low 11 0.900±0.082 1.055±0.061 0.858±0.092 
Medium 9 1.254±0.092 1.107±0.0796 0.975±0.098 

















Table 5: Total RMSD of EFDC using station data from 28 
Chesapeake Bay Program stations 
EFDC 
Total Surface Maximum Halocline 
Depth 
N Mean± SE Mean ± SE Mean ± SE 
Total 28 1.194±0.05 I 1.131 ±0.042 1.029±0.134 
RMSD 
Latitude N Mean± SE Mean ± SE Mean ± SE 
North 5 0.808±0.070 0.995±0.015 0.851±0.108 
Med Bay 10 1. 112±0.060 1.212±0.038 1.139±0.063 
South 13 1.404±0.093 1.121 ±0.086 1.014±0. 129 
Dissolved N Mean ± E Mean± E Mean ± SE 
Oxy~en 
Low 10 1.034±0.062 1.179±0.038 1.118±0.069 
Medium 11 1.473±0. 105 1.198±0.073 0.930±0.100 
Hi~h 8 1.000±0.068 0.985±0.105 1.067±0.160 
Mean Mean ± E Mean ± E Mean ± E 
Salinity 
Low 7 1.168±0.063 1.248±0.045 1.211 ±0.053 
Medium 10 0.864±0.041 1.038±0.076 0.992±0.098 
Hif!h 11 1.509±0. 10 I 1. 141 ±0.069 0.947±0.147 
Bathymetry N Mean ± SE Mean ± SE Mean ± SE 
Low 11 1.075±0.066 1.131 ±0.036 0.924±0.091 
Medium 9 1.378±0.087 1.197±0.095 I.I 13±0.147 
Hif!h 8 1.048±0.123 0.975±0.097 0.965±0.099 
Percent Mean ± SE Mean ± SE Mean ± E 
Error 
Low 10 1.225±0.077 1.123±0.078 I. I 02±0.137 
Medium 12 1.028±0.054 1.024±0.039 0.946±0.057 
High 6 1.472± 1.356± 1.073± 
0.182 0.125 0.449 
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Table 6: Total RMSD of CBOFS2 using station data from 24 
Chesapeake Bay Program stations 
CBOFS2 
Total Surface Maximum Halocline 
Depth 
N Mean±SE Mean±SE Mean±SE 
Total 24 1.487±0.055 1.430±0.050 1.432±0.077 
RMSD 
Latitude N Mean±SE Mean±SE Mean±SE 
North 4 0.920±0.162 1.208±0.027 1.739±0.045 
Med Bay 7 1.331 ±0.058 1.236±0.035 1.088±0.048 
South 13 1.745±0.066 1.602±0.094 1.524±0.148 
Dissolved N Mean±SE Mean±SE Mean± 
Oxy~en 
Low 7 1.058±0.110 1.194±0.048 1.317±0.059 
Medium 9 2.060±0.094 1.697±0.120 1.594±0.150 
Hi~h 8 1.217±0.077 1.333±0.082 1.352±0.186 
Mean N Mean±SE Mean± E Mean± E 
Salinity 
Low 5 1.133±0.139 1.268±0.0.053 0.830±0.107 
Medium 10 1.516±0.064 1.469±0.089 1.539±0.032 
Hi~h 9 1.652±0.088 1.475±0.077 1.649±0.200 
Bathyrnetry N Mean±SE Mean±SE Mean±SE 
Low 8 1.296±0.105 1.471 ±0.061 0.971 ±0.069 
Medium 9 1.275±0.103 1.158±0.082 1.998±0.194 
Hi~h 7 I. 753±0.068 1.503±0.137 0.963±0.069 
Percent N Mean±SE Mean± Mean± 
Error 
Low 13 1.325±0.236 1.314±0.250 1.676±0.226 
Medium 5 1.512±0.052 1.4 78±0.103 1.531 ±0.263 
Hi~h 6 1.817±0.098 1.640±0.158 0.822±0.103 
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In this is a study, we examined the effects of shoreline 
development and upland development on benthic 
communities across three different subestuaries of the 
Chesapeake Bay. Benthic communities across three different 
subestuaries of the Chesapeake Level are being affected 
mostly by physical characteristics of the sediments, resulting 
in higher density of infauna and biomass of bivalves in 
subestuaries areas with muddier sediments and higher 
concentrations of Nitrogen. We did not find a significant effect 
of shoreline type on either the benthic community or its 
predators. 
Abstract 
This study examined the combined effects of shoreline 
development, (hardening of shorelines by rip rap structures) 
as well as the effects of Phragmites marshes, and increasing 
intensity of upland usage (forested vs. residential 
development and agriculture) on benthic communities and 
consumers. Natural marsh, Phragmites marsh, and rip rap 
shorelines among three different subestuaries of the 
Chesapeake Bay were compared by looking at the benthic 
infauna! community and predators that feed on these 
communities. A created marsh in a highly developed area was 
also studied to compare it to natural marshes in these three 
different subestuaries. We did not find a significant effect of 
shoreline type on either the benthic community or its 
predators. However, there was a difference in bivalve density 
and biomass when comparing subestuaries with different 
upland usages, and these differences appear to correlate 
more with the differences observed in sediment 
characteristics among the subestuaries with different upland 
characteristics(higher densities and biomass with muddier 
sediments). The created marsh had sediments differing from 
those of the other three subestuaries, richer in mud and plant 
detritus, and did not appear to support as many benthic 
organisms as natural marshes in other subestuaries. In these 
systems, it appears that the levels of anthropogenic change, 
residential and agricultural development as well as shoreline 
hardening, are not substantially impacting the benthic 
community and its consumers, but rather the physical 
characteristics of the sediments drive the differences among 
these communities. Our systems were not extremely 
developed, so these patterns could change in other systems 
with higher levels of anthropogenic impacts. 
Introduction 
The Chesapeake Bay is one of the largest and most 
productive estuaries in United States, stretching from Havre 
de Grace, Maryland, down to Norfolk, Virginia (Reay and 
Moore 2009). The Bay and its tributaries encompass a surface 
area of 11,600 km 2, approximately 18, 700km of shoreline, and 
a watershed including parts of six different states (DE, MD, NY, 
PE, VA, WV) and Washington D.C. (Bilkovic and Roggero 2008, 
Reay and Moore 2009). In the last century, the population 
within the watershed has tripled, and the number of people 
46 
residing within 100km of the coastline has increased (Seitz and 
Lawless 2008). This has lead to changes in shorelines, 
intensification of agricultural and residential development, 
and increases of the invasive plant Phragmities australis, all of 
which can have tremendous effects on benthic and infauna! 
communities residing in the subtidal region (CCRM 2006, 
Silliman and Bertness 2004, Seitz et al. 2006) . 
Native Spartina vs. Invasive Phraqmites marshes 
Marshes serve important ecosystem functions such as 
wave protection, buffering, filtering land runoff, cycling of 
nutrients, providing habitat for different supra-tidal and 
subtidal organisms, providing nurseries for fish and crab 
larvae, and they support high levels of biodiversity (Beck et al. 
2001, Seitz et al. 2006, Seitz and Lawless 2008). Although the 
plant smooth cordgrass, Spartina allterniflora most commonly 
dominates salt marshes in the Atlantic coast of the United 
States (Pennings and Bertness 2001), recently salt marshes 
across the eastern coast have being altered by the invasion of 
the common reed Phragmites australis, which displaces the 
native Spartina (Osgood et al. 2003, Silliman and Bertness 
2004) . Invasion appears to be facilitated by development of 
land (Silliman and Bertness 2004). As a result, it is becoming a 
common management practice to eliminate Phragmites from 
salt marshes in favor of the native Spartina (Meyer et al 2001). 
The invasion of Phragmites can decrease marsh flooding 
by increasing elevation and restricting access of nekton to the 
marsh (Able and Hagan 2000, Osgood et al. 2003). Recent 
studies suggest that Phragmites marshes do not result in 
decreased nekton density or diversity (Osgood et al. 2003, 
Meyer et al. 2001), however Raiche! et al. (2003) found a 
higher biomass of mummichog larvae and juveniles in 
Spartina-dominated marshes than Phragmites-dominated 
marshes. Marshes along the Chesapeake Bay have been 
experiencing the invasion of Phragmites. As a result, different 
eradication methods have been proposed to remove 
Phragmites from salt marshes (Grothues and Able 2003, 
Jordan et al. 2008). It is still not well known how Phragmites 
marshes affect nekton and infauna! benthic communities, 
which should be examined before management decisions are 
made. 
Shoreline Development 
Another problem currently affecting benthic communities 
is the replacement of natural marsh with hardened shorelines 
(Seitz et al. 2006). As the number of residents living along the 
shorelines of the Chesapeake Bay and its tributaries increases, 
miles of shoreline are hardened every year in an attempt to 
reduce erosion (CCRM 2006) . These alterations can fragment 
the habitat and change the characteristics of the system, 
potentially impacting the subtidal and infauna! communities 
by blocking access to shallow water habitats necessary for 
ecologically and economically important species (Jordan et al. 
2008). 
In Chesapeake Bay, up to 80% of the shoreline in some 
subestuaries is hardened by the use of bulkhead and rip-rap 
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(Jordan et al. 2008). However, even though the shoreline has 
been altered extensively, the effect of these structures on 
benthic communities has received little attention (Seitz et al. 
2006). Differences in biomass and diversity have been 
observed in benthic communities depending on the shoreline 
structure, w ith a trend towards higher infauna! and nekton 
biomass and diversity adjacent to natural marshes and lowest 
adjacent to bulkhead (Seitz et al 2006, Seitz and Lawless 2008, 
Wong et al., ms in prep.). Prior to determining correct 
management practices, we must know the effects of different 
shoreline structures and how benthic communities respond to 
alterations of natural shorelines. 
Upland Usage 
Water-shed land usage impacts habitat quality through the 
increase of nutrient inputs, sediment deposition, and addition 
of toxic substances into the estuary (Jordan et al. 2008). 
Throughout the Chesapeake Bay watershed, there are varying 
degrees and types of land usage, however, here land usage 
will be divided in to agricultural, forested, and developed 
(Jordan et al. 2008). Agricultural and residential development 
in the Chesapeake Bay watershed have led to increases of 
nutrient run-off into the estuary, resulting in hypoxic events 
and changes in the benthic community (Boesch et al. 2001, 
Seitz et al. 2009). And intensification of upland usage in the 
Bay can aggravate the effects of shoreline development, 
resulting in lower biomass and diversity with increasing 
development (Seitz and Lawless 2008). Land-usage is 
connected to the benthic communities in the Bay, and the 
combined effects of upland usage and shoreline development 
must be taken into account to determine what how the 
benthic communities in the Bay are being affected. 
Objectives/Hypotheses 
The objective of this project is to determine the combined 
impacts of shoreline development, Phragmities invasion, and 
upland usage on the benthic communities adjacent to the 
shoreline. I expect that habitats adjacent to natural and 
restored marshes will have higher biomass and diversity since 
the systems are unaltered and there is no fragmentation. I 
also expect that as upland development intensifies, nutrient 
loading into the estuary will increase, resulting in lower 
benthic community abundance, diversity, and biomass. To 
determine the health of benthic communities, I will calculate 
bivalve abundance and biomass, worm abundance, and 
predator abundance. To determine the physical characteristics 
of the habitats, I will calculate grain size and composition, 
total Nitrogen, and total organic Carbon within the sediments. 
I will also compare physical characteristics and benthos in 
natural marsh habitats to those in created marsh habitats. 
Methods 
Experimental Design 
I used four replicates of each combination of three 
different types of shoreline development {natural marsh, 
Phragmites marsh, and rip-rap) and three different levels of 
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development {forested, developed, and agricultural) along 
subestuaries of the Chesapeake Bay {36 sites total). As well, I 
compared four replicates of a created marsh in a highly 
developed area. 
Sediment Characteristics 
At each site I collected two sediment cores 3cm in depth 
using a syringe. Sediments were analyzed through CHN 
analyzer to determine total organic Carbon, Nitrogen, and 
hydration. I determined sediment grain size using the method 
of Plumb {1981). 
Benthic Community 
To sample the benthic community, a surface area of 0.11 
m2 was suctioned up to 30 cm in depth and sieved through a 
3-mm mesh bag. Organisms were then identified to the lowest 
possible taxa, dried and ashed to obtain the Ash Free Dry 
Weight {AFDW) as a measure of biomass. 
Consumers 
Consumers were collected using a crab scrape trawled 
behind a boat at a constant speed for ~s minutes. Organisms 
were identified in the field; in the case of fish their length was 




Three subestuaries in Chesapeake Bay were used as the 
sites for this study: East River, Poquoson River, Occohannock 
Creek. Using data from the VIMS Center for Coastal Resource 
Management, each river was determined to be a different 
type of upland usage. The East River was considered forested 
since it was only 1.57% developed, Poquoson River was 
considered developed as it had a relatively large percentage of 
developed shoreline 22.46%, and Occohannock Creek was 
considered agricultural since it was developed 2.43% and had 
35.76% of its upland area as cropland. 
Sediment Characteristics 
Total Organic Carbon (TOC) in the sediments did not differ 
between upland usage or shoreline type (Table 1). Total 
Nitrogen (TN) did not differ by shoreline type (2-way ANOVA, 
p = 0.663) however there was a difference in TN between 
upland usages (p = 0.013). The sediments in the developed 
river had a higher percentage of TN, which was nearly twice 
that in either the forested or the agricultural sites (Figure 1). 
Sediment grain size, analyzed for percent sand, clay, and 
silt, differed by upland usage. -Sediments at all sites were 
fairly sandy, with on average 75-96 % sand. Sediments in the 
developed river had a significantly lower percentage of sand 
(Figure 2, 1-way ANOVA: p < 0.001) than those in either the 
forested or agricultural rivers. The developed sites also had, a 
higher percentage of clay (Figure 3, 1-way ANOVA: p < 0.001) 
and silt (Figure 4, 1-way ANOVA: p < 0.001) than the forested 
or developed sites. 
Benthic Community 
The benthic community included bivalves (Macoma 
balthica M.mitchelli, Mya arenaria, Toge/us plebeius, and 
49 
Aligena e/evata) (Figure 5) and multiple species of 
polychaetes. Bivalve density was generally high, with up to 
100 individuals m2, and differed significantly by upland usage 
(1-way ANOVA, p = 0.010), with a significantly lower density in 
the forested river; although not statistically significant, the 
highest density was found in the developed river (Figure 6). 
Polychaete density did not differ significantly by upland usage 
(2-way ANOVA; p = 0.295) or shoreline type (p = 0.590) (Figure 
7). There was no difference in bivalve biomass by shoreline 
type (Figure 8; 2-way ANOVA, shoreline p=0.544), though 
bivalve biomass differed significantly by upland usage (1-way 
ANOVA; p = 0.015) with the highest biomass in the developed 
river (Figure 9). 
Consumers 
Multiple consumers were collected in all rivers, including 
blue crabs (Callinectes sapidus), spot (Leiostomus xanthurus), 
silver perch (Bairdiella chrysoura) and croaker (Micropogonias 
undulatus) among others. Blue crab densities did not differ 
significantly among upland usage (Figure 10; 2-way ANOVA; p 
= 0.312) or shoreline type (p = 0.109), and the interaction was 
not significant (p = 0.566). Fish densities differed significantly 
among upland usage (2-way ANOVA; p = 0.031) with the 
highest density of fish found in the system with agricultural 
development, but there was no difference by shoreline type (p 
= 0.553) and no interaction (Figure 11). 
Created Marsh 
Sediment Characteristics 
Sediments in the created marsh differed significantly from 
those in the three other rivers; they had a lower percentage of 
sand (Figure 12;1-way ANOVA; p < 0.001; 35.18 ± 26.49%) 
than the other rivers by about one half as well as nearly three 
times more of the measured "gravel" fraction, which consisted 
mostly of plant detritus (Figure 13; 1-way ANOVA; p = 0.008). 
There was also a higher percentage of clay (Figure 14; 1-way 
ANOVA; p < 0.001), and higher percentage of silt (Figure 15; 1-
way ANOVA; p= 0.006), which was most similar to the silt and 
clay percentages in the marshes in the developed river. 
Benthic Community 
The benthic community in the developed marsh included 
bivalves as Macoma balthica and M.mitchelli, as well as 
multiple species of polychaetes. To prevent confounding 
effects, I compared the fauna in created marsh with fauna in 
only the natural marsh shorelines in the differing levels of 
development. Bivalve density did not differ among the created 
marshes and natural marshes in the different levels of 
development (Figure 16; 1-way ANOVA, p = 0.241), due to the 
high variation. Worm density showed a significant difference 
between the created marsh and the different levels of upland 
usage, with the worm density in the created marsh the lowest 
at less than half the density in the lowest of the other systems 
(Figure 17;1-way ANOVA; p = 0.040). 
Discussion 
Sediment characteristics differed among upland usages 
and the developed river (Poquoson River) had sediments 
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richer in mud and with less sand. This also correlated with 
sediments in this area having a higher percentage of total 
Nitrogen, which could indicate that the muddier sediment is 
able to retain a higher percentage of the Nitrogen as opposed 
to sandier sediments which are not able to retain such 
nutrients. 
In contrast to what we expected, benthic communities did 
not exhibit a significant difference among shorelines. This 
suggests that Phragmites marshes were no different than 
natural marshes in physical characteristics and resultant 
benthic communities. Unlike the systems studied by Raichel et 
al. (2003), in our systems Phragmites-dominated marshes did 
not have a negative effect on fish communities. Phragmites, 
an invasive species, has been the target for eradication to 
protect those communities (Grothues and Able 2003, Jordan 
et al. 2008), however its presence does not appear to have a 
significant impact on fish and benthic communities in the 
systems we studied. This pattern agrees with some other 
studies where Phragmites marshes did not result in decreased 
nekton density or diversity (Osgood et al. 2003, Meyer et al. 
2001). 
However a significant difference in the benthic 
community and predators among upland usage types was 
observed. This difference could again correlate with the 
differences exhibited in the sediments. The developed river 
had the lowest percentage of sand and had a substantial 
amount of silt and clay. This river was where the highest 
bivalve densities and biomass were found. Although not 
statistically significant, the developed area had the highest 
density of bivalves, correlating with the highest biomass of 
bivalves in this area. This higher density and biomass could be 
connected to a greater percentage of silt and clay, and a 
higher percentage of sedimentary Nitrogen providing more 
nutrients for the bivalves, as well as a more suitable 
environment providing better habitat in which the bivalves 
could bury themselves. The polychaetes did not show a 
statistically significant difference between upland usages, 
however, unlike the bivalves the highest density of 
polychaetes was found in the river with agricultural 
development in the upland. 
Consumers included both fish and blue crabs. Blue crabs 
did not exhibit a statistically significant difference among 
rivers, however, similar to the pattern seen in the polychaetes, 
the agricultural area had the highest blue crab density. 
Similarly, the fish had the highest density in the agricultural 
area as well. In total, consumers had the highest density in the 
agricultural area, correlating to a higher density of 
polychaetes in this area. This could indicate that consumers 
are favoring areas with higher polychaete densities as their 
prey, and following their food source, as has been seen in 
previous comparisons among shallow shorelines (Seitz et al. 
2006). 
In these systems, it appears that anthropogenic actions are 
not having a substantial negative effect on benthic 
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communities and consumers. The densest bivalve 
communities, although present in the developed river, appear 
to correlate with the muddier sediments in this system, which 
in turn could be controlling the concentration of Nitrogen 
available, a nutrient used by organisms in the system. The 
physical characteristics of the system appear to be of greater 
importance than anthropogenic effects in determining the 
structure of benthic communities (though none of our systems 
was highly developed). 
The created marsh analyzed had a significantly different 
substrate than that in all three other systems, with a much 
higher percentage of silt and clay, and a higher percentage of 
the largest grain size, consisting mostly of a thick plant 
detritus layer on top of the sediments. Densities of worms 
were lower than that in the other systems, and bivalve 
densities also appeared to be lower. In comparison to natural 
marshes in the three other systems, the created marsh, which 
was well established, was not able to support as high densities 
of benthic organisms; this does not bode well for 
establishment of created marshes. 
Benthic communities in these systems appear to be 
affected by the physical characteristics rather than 
anthropological effects. However, these systems are neither 
highly residentially developed (22% in our most developed 
system), nor highly agriculturally developed (36%), thus 
anthropogenic actions could have significant effects on the 
benthic communities if land or shorelines are developed 
extensively. It is possible that with higher levels of 
development, a threshold would have been reached where 
anthropogenic impacts may be more important (Seitz and 
Lawless 2008). 
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Table 1. 2-way ANOVA of Total Organic Carbon (TOC) across different 
upland usage and shorelines. 
z ... 
Source DF ss MS F p 
Upland Usage 2 1 . 9749 0 . 987427 2.29 0 . 120 
Shoreline 2 0 . 6718 0 . 335883 0 . 78 0. 468 
Interaction 4 1.4618 0 . 365453 0.85 0.507 
Error 27 11.6246 0 . 430541 
Total 35 15 . 7330 
S • 0 . 6562 R-Sq • 26 . 11% R-Sq (adj) • 4 . 22 % 
Figure 1. TN percentage in sediments by upland usage. The sediments in the 
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Figure 3. Total percentage of clay found in the sediments by varying levels of 
upland usage. 
Figure 4. Total percentage of silt found in the sediments by varying levels of upland 
usage. 




















F0<estad Developed Agncuftural 
Figure 5. Mean number of bivalve species by varying degrees of upland usage. 
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Figure 8. Bivalve biomass, measured as Ash Free Dry Weight in grams, 
by shoreline type and upland usage. 





Figure 9. Bivalve biomass measured as Ash Free Dry Weight in grams by varying 
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Figure 12. Total percentage of sand found in the sediments of the created 
marsh and compared to that in the natural marshes of the three levels of 
upland usage. 
Created Mare/1 Fort1tod O.velopod Agricultural 
Figure 13. Total percentage of the "gravel" fraction found in the sediments of 
the created marsh and compared to that in the natural marshes of the three 




Figure 14. Total percentage of clay found in the sediments of the created 
marsh and compared to that in the natural marshes of the three levels of 
upland usage. 
Created Marsh Forested Developed Agricultural 
Figure 15. Total percentage of silt found in the sediments of the created marsh 








Figure 16. Bivalve density in the created marsh compared to that in the 
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Figure 17. Worms density in the created marsh compared to that in the 
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Responses of Tidal Freshwater Plants to Increases in Salinity 
L. Zoe Almeida 
Scripps College 




Tidal Freshwater Marsh (TFM) plants, Leersia oryzoides 
and Peltandra virginica, as well as Spartina alterniflora were 
exposed to modest levels of salinity for four weeks to 
determine how dominant species within TFMs will respond to 
increases in salinity experienced with global sea level rise. At 
higher salinities the net photosynthetic rate decreased for P. 
virginica and 5. alterniflora, biomass decreased for L. 
oryzoides, the %C and %N remained constant for all species, 
and %P increased for L. oryzoides and P. virginica. Each 
species responded differently to the same stress and the 
results provide evidence that there will be a species 
composition change in TFMs with global sea level rise. 
Abstract 
Global sea level rise is predicted to alter plant species 
composition and distribution within diverse Tidal Freshwater 
Marshes. Since salinity is one of the dominant factors 
influencing community composition, it is important to 
understand how individual species will respond to the stress 
of salinity. This study looked at how the net photosynthesis, 
biomass, and nutrient assimilation demonstrated the 
symptoms of salt stress in Leersia oryzoides, Peltandra 
virginica, and Spartina alterniflora over a four week growing 
period. Net photosynthesis was measured with an Infrared 
Gas Analyzer on a weekly basis. The dried above- and 
belowground biomass as well as the tissue C, N, and P was 
documented at the end of the four weeks. Overall each 
species showed symptoms of stress, but in different ways. 
These results demonstrate the importance of further studies 
into how individual species will respond to salinity stress in 
order to understand how TFM communities will change as a 
whole. 
Introduction 
Tidal freshwater marshes (TFM) have some of the 
greatest plant species richness of wetlands in the Chesapeake 
Bay (Perry and Atkinson 1997, Sharpe and Baldwin 2009). 
Although there are many mechanisms that control species 
diversity in wetlands, salinity is one of the dominant factors 
influencing community composition and plant distribution 
(Odum 1988, Perry and Atkinson 1997, Perry and Hershner 
1999, Crain et al. 2004). The annual average salinity in TFMs is 
below 0.5 ppt (Odum 1988) and the plant community is 
characterized by species that are generally intolerant of high 
salinity levels (Perry and Atkinson 1997). 
Global sea level rise is one of the greatest threats to 
TFM as it brings greater salinities further up river (Sharpe and 
Baldwin 2009). Increases in salinity, submergence, and 
sedimentation may cause changes in primary production, 
survival, succession patterns, composition, and distribution of 
marsh communities (Delaune et al. 1987). For plants 
intolerant of salinity, higher levels of salt have been shown to 
decrease photosynthetic rates, decrease growth rates, and 
decrease a plant's ability to take up nitrogen (Pearcy and Ustin 
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1984, Odum 1988). These responses to salinity vary between 
species, so it is important to understand how individual 
species respond in order to understand how the community as 
a whole will be affected by changes brought on by rising sea 
level (Perry and Hershner 1999). By understanding how marsh 
plants will react to changes such as higher levels of salinity, 
better conservation and management decisions can be made. 
Between 1974 and 1987 the vegetative community at 
Sweet Hall Marsh (SH) shifted to include more salt-tolerant 
plants as common species, potentially indicating that the 
marsh was becoming a more oligohaline system in response to 
increasing salinity (Perry and Hershner 1999). The species 
Peltandra virginica and Leersia oryzoides were two of the 
most common plants in SH in 1974 and 1987 (Perry and 
Atkinson 1997, Perry and Hershner 1999). Both of these 
plants are perennials that are not tolerant of salinity 
("Conservation Plant Characteristics"). Spartina alterniflora, a 
highly salt-tolerant perennial species, has been present at 
Sweet Hall Marsh for over two decades (Perry and Hershner 
1999, "Conservation Plant Characteristics"). As perennials, all 
three of these species are useful indicators of changes within 
the community (Perry and Hershner 1999). 
For this study we exposed these three species to the 
low levels of salinity expected to occur at SH in the near future 
and documented their response. SH is unlikely to experience 
extreme salinity levels within the next few years, so it is 
important to understand how these select species will 
respond to modest increases in salinity. The responses of 
these species to salinity stress were monitored by measuring 
photosynthesis rates throughout the study and also 
comparing the final biomass and C, N, and P levels between 
salinity treatments within each species. 
The objective of this study was to document the way in 
which dominant TFM species individually respond to modest 
salinity stress. Both Leersia oryzoides and Peltandra virginica 
were expected to have decreased photosynthetic rates, 
growth rates, and %C and %N levels at higher salinity 
treatments in comparison to lower salinities. Their %P level 
was expected to remain constant or to slightly increase. 
Spartina alterniflora was expected to demonstrate similar 
responses, but less dramatically. 
Methods 
We potted 72 individuals each of Peltandra virginica, 
Leersia oryzoides, and Spartina alterniflora from Pinelands 
Nursery in New Jersey using Miracle Grow soil with a nutrient 
concentration of 0.21-0.07-0.14 %NPK. The potted plants 
were placed in 34 gallon shallow tubs with six of the same 
species in one tub. The tubs were arranged in a different 
randomized block design for each replicate . Within each of 
the three replicates every species was exposed to each salinity 
level (Appendix 1}. Three additional individuals of each 
species were initially dried and weighed to provide baseline 
biomass and nutrient data. 
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Plants were allowed to acclimate to a salinity of 0.0-0.5 
ppt (freshwater} for three days. Then all of the plants that 
would be exposed to salinity levels of 2, 4, or 6 ppt were 
raised to 2 ppt. After two days the salinity level was increased 
to 4 ppt in the appropriate tubs. Two days later the last 
increase was made, raising the salinity level to 6 ppt for the 
plants within that treatment. Whenever an increase in salinity 
was made the tubs that were to be kept at the previous level 
had their salinity maintained with the addition of salt- or 
freshwater. After the treatment salinity levels were 
established, the salinity level of all tubs was adjusted to 
maintain consistency approximately twice weekly. The 
saltwater used was obtained from the Seawater Research 
Laboratory at the Virginia Institute of Marine Science. This 
was brought in from the York River and filtered at 40 microns. 
Net Photosynthesis 
Before increasing salinity, the CO2 flux was measured 
using a TPS-2 portable infrared gas analyzer (PP Systems, 
Amesbury, MA}. After plants acclimated to their environment 
and treatment salinity (weeks 3 and 4}, net photosynthesis of 
three random plants in each treatment and replicate was 
measured weekly using a leaf cuvette. A leaf of known area 
was inserted into the cuvette and allowed to stabilize. CO2 
flux was captured every ten seconds for 30 seconds on three 
leaves of each plant. If there were three living leaves, the 
third leaf of a random stem would be selected for 
measurement. Chlorotic leaves were omitted when another 
healthy leave was available on a plant. Net photosynthesis 
was calculated using the TPS-2 Transfer software program (PP 
Systems, Amesbury, MA). 
The initial measurements recording the immediate 
response of the plants to the stressor in weeks 1 and 2 were 
collected for separate analyses. 
Biomass 
After four weeks of growth, soil samples were taken 
from three random pots in each treatment and replicate. 
Three random plants were harvested within each tub; their 
above- and belowground plant material was separated; their 
roots washed, and all tissue dried at approximately 65 °C. The 
dry mass was determined after approximately 36 hours when 
samples measured maintained a constant mass. 
Nutrient Assimilation 
Portions of the aboveground plant matter (n=108) and 
belowground plant matter (n=37)* were dried milled. Total 
Phosphorous (%P) was determined using a modified 
ashing/acid extraction process and colorimetric analysis 
(Chambers & Fourqurean 1991). Carbon and nitrogen was 
obtained from aboveground (n=36) and belowground (n=37)* 
samples from one replicate and the baseline samples (nine 
aboveground and nine belowground) using a PerkinElmer 
2400 elemental analyzer (PerkinElmer, Waltham, MA). 
*n=37 because an additional sample was run . 
63 
Data Analysis 
The data obtained from these analyses were complied 
and tested primarily using one sample t-tests in SigmaPlot. T-
tests were performed between salinity treatments within each 
species for net photosynthesis, above- and belowground 
biomass, above- and belowground %C, above- and 
belowground %N, above- and belowground %P, and all of the 
nutrient ratios (Appendix 2) . The Shapiro-Wilk test for 
normality was run first, and if the data failed that test, the 
Mann-Whitney Rank Sum test was ran instead of the regular t-
test . 
Comparisons between the treatment data and the 
initial data were also done using Excel graphs and SigmaPlot 
one sample t-tests for biomass and nutrient data. Overall 
comparisons were made, averaging all of the treatment data 
within a species if there were no significant differences 
between salinity treatments. If significant differences were 
observed between salinity treatments within a species, 
additional excel graphs and t-tests were done comparing the 
baseline data to the data at every salinity treatment. 
Results 
The results of the study showed that each species 
responded to salinity stress in an individual manner. Leersia 
oryzoides showed no significant decrease in net a.) 
photosynthesis in higher salinity treatments, but decreased in Week3 
above- and belowground biomass and increased in total %P 30 
content in its aboveground tissue. Peltandra virginica and 
Spartina alterniflora demonstrated significant decreases in net 20 
photosynthesis, but did not have a significant change in 
above- or belowground biomass. P. virginica also showed 10 





During the third week of growth Leersia oryzoides -20 
demonstrated a decreasing level of net photosynthesis with 0 2 4 6 
increasing salinities, but during the fourth week L. oryzoindes 
b.) 
increased net photosynthesis with higher salinity treatments. 
Averaging the two weeks together shows no significant Week4 
change, as can be seen in Appendix 2, Table 3. Peltandra 30 
virginica shows a significant decrease in net photosynthesis in 
20 D Leersia 
weeks three and four, with a greater average amount of oryzoides 
respiration at salinity levels 4 and 6 ppt. Spartina alterniflora 
10 • Peltandra 
did not demonstrate a discernable trend during week three, virgin ica 
but during week four there was a significant decrease in net 0 • Spartina 
photosynthesis at higher salinity levels (Figure la, b & alterniflora 
Appendix 2, Tables 1-3). -10 
-20 
0 2 4 6 
64 
Figure 1 (above): Average net photosynthesis (µmol C/m2/s) for 
Leersia oryzoides, Peltandra virginica, and Spartina alterniflora 
during growth weeks three (a) and four (b) across all salinity levels 
(ppt) (±SE). 
Biomass 
At higher salinity levels L. oryzoides had significantly 
lower above- and belowground biomass. Neither P. virginica 
nor 5. alterniflora showed a significant change in biomass 
between salinity treatments (Figure 2 & Appendix 2, Tables 4-
5). 
D Leersia oryzoides 
aboveground 




• Peltandra virginica 
belowground 
20.00 
0 2 4 6 
• Spartina alterniflora 
aboveground 
• Spartina alterniflora 
belowground 
Figure 2: Average weight (g) of above- and belowground 
biomass for Leersia oryzoides, Peltandra virginica, and Spartina 
a/terniflora at every salinity treatment (ppt) (±SE). 
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L. oryzoides also showed a significant difference 
between its baseline biomass and 0 ppt, 2 ppt, and 4 ppt in 
aboveground biomass, and between its baseline biomass and 
0 ppt and 2 ppt for belowground (see Appendix 2, Table 6). In 
Appendix 3, Figure 1 it is apparent that L. oryzoides had the 
highest overall growth in lower salinities and barely any 
growth at high salinities. 
Nutrient Assimilation 
Carbon (C) content was statistically similar in all 
species and treatments except L. oryzoides where a significant 
difference was found between 0 and 4 ppt for the above- and 
belowground tissue (p = 0.042 and 0.038, respectively). No 
trends for species or treatments are discernable (Figure 3 & 
Appendix 2, Table 7-8). There was also no significant change 
in %C from the baseline to treatment samples for any species, 
except for an increase from the baseline samples to the final 
aboveground 5. alterniflora samples (p = 0.012) (Appendix 2, 
Table 9 & Appendix 3, Figure 2). 
50.00 D Leersia oryzoides 
40.00 aboveground 
30.00 D Leersia oryzoides 
20.00 below ground 
10.00 Peltandra virginica 
0.00 aboveground 
10.00 • Peltandra virginica 
20.00 belowground 
30.00 • Spartina alterniflor, 
40.00 aboveground 
50.00 • Spartina alterniflon 
0 2 4 6 belowground 
Figure 3: Average %C within each species at each salinity 
treatment (ppt) (±SE). 
Nitrogen was also similar in all species and treatments 
with one exception. Belowground P. virginica demonstrated a 
significant increase between the %N at 0 and 6 ppt (p = 0.035). 
Similar to %C, there are no obvious trends (Figure 4 & 
Appendix 2, Table 10-11). 
Although the %N between salinity treatments did not 
significantly differ, there was a significant increase in 
aboveground %N for L. oryzoides and 5. alterniflora (p = 0.014 
and <0.001 respectively) from the baseline data (Appendix 2, 
Table 12 and Appendix 3, Figure 3). 
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D Leersia oryzoides 
belowground 
1 • Peltandra virginica 
aboveground 
0 
• Peltandra virginica 
-1 belowground 
-2 • Spartina alterniflora 
aboveground 
-3 • Spartlna altern lflora 
0 2 4 6 belowground 
Figure 4: Average %N within each species at each salinity 
treatment (±SE). 
The average %phosphorous (P) was significantly 
different between 0 and 4 ppt and 0 and 6 ppt within 
aboveground L. oryzoides, as well as between 0 and 2 ppt, 0 
and 4 ppt, and 0 and 6 ppt in aboveground P. virginica 
(Appendix 2, Table 13-14). Figure 5 shows that in all of these 
cases the average %P was greater in higher salinity 
treatments. There were no significant differences between 
salinity treatments for 5. alterniflora or for any of the species' 
belowground samples. 
For L. oryzoides there was an increase in %P from the 
aboveground baseline data to the data from the 4 ppt and 6 
ppt salinity treatments (p = 0.010 and 0.042 respectively), and 
from the belowground baseline data to 0 ppt (p = 0.038) 
(Appendix 2, Table 15 & Appendix 3, Figure 4a) . P. virginica 
showed no clear trends in its comparison between baseline 
data and treatment data for %P and the only statistically 
significant change in %P was a decrease from the 
belowground baseline data to the 2 ppt treatment data (p = 
0.011) (Appendix 2, Table 16 & Appendix 3, Figure 4b). S. 
alterniflora showed no significant changes between baseline 







0 2 4 6 
• Leersla oryzoldes 
aboveground 




• Peltandra virginica 
belowground 
• Spartina alterniflora 
aboveground 
• Spartina alterniflora 
belowground 
Figure 5: Average %P within each species at each salinity 
treatment (±SE). 
Nutrient ratios are shown in Figure 6-8 and in 
Appendix 2, Tables 18-30. For every species the C:N ratio was 
consistent throughout the salinity treatments (Figure 6 & 
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Appendix 2, Tables 18-19). But Appendix 3, Figure 5 
demonstrates that overall, each species experienced a 
decrease in the C:N ratio from the beginning to the end of the 
experiment that was statistically significant for all but the 
belowground L. oryzoides data (Appendix 2, Table 20). 
• Leersia oryzoides 
25 aboveground 






• Peltandra virginica 
-15 belowground 
-25 • Spartina alterniflora 
aboveground 
-35 • Spartina alterniflora 
0 2 4 6 belowground 
Figure 6: Comparisons of C:N ratio between salinity treatments 
for each species (±SE). 
For L. oryzoides and P. virginica there was also no 
significant difference in the N:P ratios between treatments. 5. 
a/terniflora did show a significant difference of N:P ratios 
between 0 and 4 ppt and 0 and 6 ppt in aboveground tissues 
(p = 0.012 and 0.004, respectively), and between 2 and 4 ppt 
and 4 and 6 ppt in belowground tissues (p = 0.023 for both) 
(Appendix 2, Table 21-22). Figure 7 shows that the N:P ratio 
was lower at higher salinities for aboveground 5. alterniflora, 
but that there was no pattern for the differences in 
belowground N:P for 5. alternilfora. 
Overall Appendix 3, Figure 6a shows that L. oryzoides 
significantly decreased in N:P from initial measures to final 
measures in aboveground samples (p = 0.025). P. virginica 
and 5. alterniflora seem to increase in N:P but not significantly 
(Appendix 2 Table 23). Appendix 3, Figure 6b shows that 5. 
alterniflora had a significant increase in N:P from the 
aboveground baseline data to the O ppt salinity treatment (p = 
0.004) and from the belowground baseline data to the 4 ppt 
treatment (0.012) (Appendix 2, Table 24). 
200 
D Leersia oryzoides 
aboveground 
100 





-300 • Peltandra virginica 
-400 belowground 
-500 • Spartina alterniflora 
-600 aboveground 
-700 • Spartin a alterniflora 
0 2 4 6 belowground 
Figure 7: Comparisons of N:P ratio between salinity treatments 
for each species (±SE). 
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L. oryzoides did not show any significant differences in 
C:P ratios between treatments. P. virginica showed 
differences between O and 2 ppt, 0 and 4 ppt, and O and 6 ppt 
in C:P ratios for aboveground tissue (p = 0.018, 0.015, and 
0.045 respectively) and between 2 and 6 ppt for belowground 
tissue (p = 0.026). Figure 8 shows that the C:P ratios for P. 
virginica were higher in lower salinity treatments than in high 
salinities. The C:P ratios differed significantly for 5. alterniflora 
between O and 4 ppt and O and 6 ppt in aboveground tissue (p 
= 0.002 and <0.001 respectively) and between 2 and 4 ppt and 
4 and 6 ppt in belowground tissue (p = 0.034 and 0.027 
respectively). Figure 8 shows that 5. alterniflora's C:P ratios 
were higher at lower salinities in the aboveground samples, 
but there was no pattern in the belowground samples 
(Appendix 2, Table 25-26). 
In Appendix 3, Figure 7a shows that although L. 
oryzoides did not show any significant differences between 
salinities, the C:P ratios for L. oryzoides' treatments were 
lower than the initial C:P ratio. These differences were 
significant between the belowground baseline data and O ppt 
and 4 ppt (Appendix 2, Table 27). Comparing the initial to 
final C:P ratios for P. viriginica and 5. alterniflora 
demonstrated no clear patterns (Appendix 3, Figure 7b,c), but 
there were significant differences between the belowground 
baseline data and the 2 ppt treatment of P. virginica, and 
between the aboveground baseline data and the O ppt, 4 ppt, 
and Gppt treatments of 5. alternif/ora (Appendix 2, Table 28-
29). 
Discussion 
The results for net photosynthesis and biomass 
indicate that individual species respond differently to the 
same stress. L. oryzoides responded to salinity with decreased 
biomass; whereas P. virginica and 5. alterniflora decreased net 
photosynthetic rates. All species had fairly stable levels of C 
and N. Both L. oryzoides and P. virginica showed increased 
levels of aboveground tissue Pat higher salinity treatments 
(Appendix 2, Table 13), but only the N:P and C:P ratios for P. 
virginica and 5. alterniflora showed significant differences 
between higher and lower salinity treatments (Appendix 2, 
Tables 21-22, 25-26). 
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o Peltandra virginica 
aboveground 
-10000 
• Peltandra virginica 
belowground 
-15000 - --
• Spartina alterniflora 
aboveground 
-20000 
0 2 4 6 
• Spartina alterniflora 
belowground 
Figure 8: Comparisons of N:P ratio between salinity treatments 
for each species (±SE). 
Although these plants showed symptoms of stress, 
they maintained relatively consistent levels of nutrients when 
it would be expected that their nutrient levels would reflect 
their physical responses. Decreased photosynthetic rates 
were expected to also decrease the amount of C within a 
plant. And since sodium competes with ammonium (Odum 
1988, Crain et al. 2004), N levels should be lower in plants 
exposed to salinity than in plants with only freshwater. 
Instead N levels increased from the beginning of the 
experiment to the end (Figure 4b, Appendix 2, Table 12). 
Potential explanations for these results are that the 
plants were sequestering or selectively utilizing nutrients 
when exposed to salinity stress. Studies have shown that 
transpiration decreases as salinity increases (Romero-Aranda 
et al. 2000, Song et al. 2006, Eom et al. 2007). The study by 
Eom et al (2007) showed that in plants exposed to salinity 
some nutrients decreased but other nutrients increased, with 
every species having a different combination of increasing and 
decreasing nutrients. Additionally the study by Song et al. 
(2006) demonstrated that plants exposed to salinity 
treatments chose osmotic adjustment at the expense of 
nutrient balance. Within our study this could mean that 
nutrients were selectively transported and utilized, altering 
the balance of some nutrients (as was the case with the C:P 
ratios in P. virginica and 5. alterniflora) in order to maintain 
the osmotic balance or other nutrient relationships (such as 
the C:N ratios). In order to really determine this, more 
research looking directly at the relationship between 
transpiration and nutrient transport must be performed as 
well as further research with L. oryzoides and P. virginica 
specifically. The experiment we performed is being carried 
out for a longer period of time which will provide more 
information and more time for the nutrient levels to the 
salinity treatments. 
Within TFMs these results provide evidence that L. 
oryzoides and P. virginica would have reduced survival, 
growth, and production as the environment changes to a 
more saline one, as the study by Delaune et al. (1987) 
predicted . Although 5. alterniflora also expressed symptoms 
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of stress, such as lower photosynthetic rates at higher salinity 
levels, it is known to have a high salt tolerance ("Conservation 
Plant Characteristics") and on the Atlantic Coast 5. alterniflora 
is a dominant species in brackish marshes (Perry and Atkinson 
1997). 5. alterniflora would benefit from the decreased level 
of competition from the less dominant L. oryzoides and P. 
virginica (Crain et al. 2004) and could potentially dominate 
wetlands that were previously freshwater. 
An alternative to 5. alterniflora dominated marshes is 
that once TFMs become susceptible to invasion by 5. 
alterniflora, they will also become open to invasion by 
Phragmites australis (Vasquez et al. 2005). The European 
invasive strain of P. australis has been spreading to marshes 
that were previously dominated by 5. alterniflora (Vasquez et 
al. 2005). 5. alterniflora's poor competitive qualities and P. 
australis' invasive characteristics, in addition to the probable 
decline in native species such as L. oryzoides and P. virginica, 
indicate that TFMs are likely to become oligohaline systems 
dominated by P. australis within the relatively near future 
(Perry and Hershner 1999, Crain et al. 2004, Vasquez et al. 
2005). More studies will be necessary to determine the 
timeline of change more precisely, how each species will 
respond, and the specific ways in which the ecological 
functions will be altered within these marshes. 
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Appendix 1: Experimental Block Design 
-- Du WW WW uv WW 
WW --
WW VD 1' 
WW Du --WW VD WW 
-- vv -- vv -- vv 
Figure 1: One replicate, unrandomized 
Species 
• = Leersia oryzoides 
= Peltandra 
virginica 
• = Spartina alterniflora 
Salinity Treatments 
D = 0 ppt 
D = 2 ppt 
= 4 ppt 
• = 6 ppt 
Appendix 2: Results of multiple comparison tests and t-tests 
listing p-values (bold values indicate significance at a= 0.05, * 
indicate results using the Mann-Whitney Rank Sum test after a 
failed Shapiro-Wilk test of normality) 
Table 1: Net Photosynthesis p-values, week 3 
0 vs. 4 
0 vs. 6 
2 vs. 4 
2 vs. 6 
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Table 3: Net Photosynthesis p-values, combined weeks 3 and 4 
0 vs. 4 
0 vs. 6 
2 vs. 4 
2 vs. 6 
















Table 4: Biomass Aboveground p-values 
Table 6: Leersia oryzoides Biomass Baseline vs. Treatment p-values 
0 vs. 4 0.017 1.000 0.571 Below 0.045* 0.013 0.077* 0.234 
0 vs. 6 <0.001 1.000 0.623 
2 vs. 4 0.100 1.000 0.712 
2 VS. 6 <0.001 0.960 0.399 
4 vs. 6 <0.001 0.993 0.102 
Table 7: %C Aboveground p-values 
Table 5: Biomass Belowground p-values 
0 vs. 4 0.042 0.313 0.922 
0 vs. 6 0.258 0.197 0.263 
2 vs. 4 0.206 0.368 0.948 0 vs. 4 0.362 1.000 0.798 
2 vs. 6 0.308 0.281 0.099 0 vs. 6 <0.001 0.997 0.550 
4 vs. 6 0.748 0.663 0.052 2 vs. 4 0.629 1.000 0.872 
2 vs. 6 0.006 1.000 0.698 
4 vs. 6 0.063 1.000 0.815 
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Table 8: %C Belowground p-values 
0 vs. 2 0.310 0.386 0.438 
0 vs. 4 0.038 0.717 0.089 Ovs. 4 0.202 0.325 0.410 
0 vs. 6 0.252 0.232 0.700* 0 vs. 6 0.373 0.744 0.850 
2 vs. 4 0.134 0.677 0.213 2 vs. 4 0.365 0.141 0.882 
2 vs. 6 0.522 0.848 0.700* 2 vs. 6 0.507 0.752 0.274 
4 vs. 6 0.606 0.515 0.792 4vs. 6 0.934 0.225 0.700* 
Table 9: %C Overall Species Baseline vs. Treatment p-values Table 11: %N Belowground p-values 
Aboveground 0.617 
Belowground 0.810 0.301 0.934 
0 vs. 4 0.200* 0.933 0.152 
0 vs. 6 0.393 0.035 0.700* 
2 VS . 4 0.630 0.794 0.301 
2 vs. 6 0.943 0.186 0.466 
4 vs. 6 0.628 0.145 0.961 
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Table 12: %N Overall Species Baseline vs. Treatment p-values Table 14: %P Belowground p-values 
Below 0.829* 0.085 0.102 
0 vs. 4 0.428 0.240 0.128 
0 vs. 6 0.366 0.150 0.429 
2 VS. 4 0.820 0.153 0.114 
2 vs. 6 0.816 0.070 0.845 
Table 13: %P Aboveground p-values 4 vs. 6 0.671 0.967 0.148 
0 VS. 4 0.027* 0.008 0.357 Table 15: Leersia oryzoides %P Baseline vs. Treatment p-values 
0 vs. 6 0.034* 0.006* 0.163 
2 vs. 4 0.334 0.857 0.807 
Above 0.042* 2 VS. 6 0.077* 0.667 0.963 
Below 0.038 0.248 0.100 0.527 4vs. 6 0.377* 0.552 0.723 
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Table 16: Peltandra virginica %P Baseline vs. Treatment p-values 
Below 0.162 0.011 0.737 0.612 
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Table 19: C:N Belowground p-values 
0vs. 4 
0 vs. 6 
2 vs. 4 
2 vs. 6 
























Table 20: C:N Overall Species Baseline vs. Treatment p-values Table 22: N:P Belowground p-values 
Below 0.516* 0.044* 0.001 
0 vs. 4 0.797 0.442 0.484 
0 vs. 6 0.400* 0.314 0.158 I 
Table 21: N:P Aboveground p-values 2 vs. 4 0.688 0.273 0.023 I 
2 vs. 6 0.375 0.100* 0.718 I 
4 vs. 6 0.312 0.790 0.023 I 
0 vs. 2 0.690 0.068 0.276 
I 
0vs. 4 0.454 0.068 0.012 
Table 23: N:P Overall Species Baseline vs. Treatment p-values 
0 vs. 6 0.181 0.078 0.004 
2 vs. 4 0.777 0.639 0.143 
2 vs. 6 0.401 0.400 0.078 
Below 0.097* 0.106* 0.224 
4 vs. 6 0.400* 0.836 0.607 
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Table 24: Spartina alterniflora N:P Baseline vs. Treatment p-values 
Below 0.138 0.715 
Table 25: C:P Aboveground p-values 
0 vs. 4 
0 vs. 6 
2 vs. 4 
2 vs. 6 
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0 vs. 6 
2 vs. 4 
2 vs. 6 
4 vs. 6 




















Table 27: Leersia oryzoides C:P Baseline vs. Treatment p-values 
Below 0.011 0.096 0.034 1.000• 
Table 28: Peltandra virginica C:P Baseline vs. Treatment p-values 
Below 0.299 0.024 0.630 0.781 
Table 29: Spartina alterniflora C:P Baseline vs. Treatment p-values 
Below 0.379 0.413 0.061 0.297 
80 












Figure 1: Leersia oryzoides biomass (g) comparison between baseline 
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Figure 2: Average %C within baseline and treatment 
















Figure 3: Average %N within baseline and treatment samples for 





















Figure 4: Average %P within baseline and treatment samples for 






















Figure 5: Comparison of average C:N between initial and final 
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Figure 6: Comparison of average N:P between initial and final 
samples for each species (a; left)) and between the initial and final 
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Figure 7: Comparison of average C:P between initial and final 
samples for each salinity treatment within L. oryzoides (a), P. 
virginica (b), and 5. alterniflora (c) . 
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Synopsis: Diel {24-hour} cycles were observed for Mn in 
the water column and algae {total metals}, corresponding to 
pH and dissolved oxygen patterns in the water. Mn's behavior 
is explained by its >60% extracellular localization and high 
concentration in the water (~300 nM} relative to other metals. 
All metals except Mn are located primarily intracellularly, and 
are removed by the algae from the water column with 
differing levels of efficiency, in ratios that are not proportional 
to their concentration in the water. 
Abstract: An algal floway system at the Virginia Institute 
of Marine Science was used as a model to study trace metal 
cycling in an estuarine environment. Algae and water samples 
were collected at 5:00 and 16:00 daily for a week-long period 
from June 16-22, 2010 and analyzed for trace metal content 
with ICP-MS. Mn showed diel cycling in the water and in the 
total amount of metal in the algae, a process mediated by 
photosynthetically-driven cycles of pH and DO in the biofilm 
and water. All metals except Mn are located approximately 
70% or more on the inside of the algae cells. Intracellular 
localization of metals poses a possible hazard in the use of 
biodiesel produced from floway algae. The biofilm's effective 
removal of certain metals from the water, including Mn, has 
application to the system's possible use for bioremediation 
purposes. 
Introduction 
Algal floway systems at VIMS were designed as part of 
a major, ongoing project studying the possible uses of 
microalgae for the production of biofuel and removal of 
pollutants from water. The aim of our project is to add a new 
direction to this larger study, in which we focus on the cycling 
of trace metals in the algal floway, as it compares to a natural 
system. The goals of the project are threefold: first, to study 
the geochemical and biochemical processes that characterize 
the interactions between an algal biofilm and dissolved trace 
metals in the water column; second, to investigate the 
possible impact of trace metals sequestered by the algae on 
the production of biofuels from the algae; and finally, to 
evaluate the effectiveness with which algae can be used to 
remove different toxic metals from the water column. 
Algal biofilms alternately photosynthesize and 
respire, causing diel cycles in water chemistry in natural 
systems and in the algal floway. During the daytime, algae 
undergo photosynthesis, using dissolved carbon dioxide gas in 
the production of organic matter, for energy, and molecular 
oxygen, a byproduct. The reduction in CO2 levels lowers the 
amount of carbonic acid present in the water, and causes the 
pH of the water to increase. During nighttime respiration, 
there is an increase in CO2 (and H2C03) in the water, lowering 
the pH. In combination, the interplay between photosynthesis 
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and respiration causes diel (24-hour) cycles in pH as well as 
dissolved 0 2 in the water. 
The pH of the water is particularly important because 
of its impact on the adsorption (extracellular binding) of 
cationic (positively-charged ionic) metals to the surface of 
algae cells. Algae cell surfaces are amphoteric; their net 
charge is dependent on the pH of surrounding water, and is 
altered via the loss or gain of protons. For every surface, 
there is a pH at which there is no net charge, and no net 
tendency for loss or gain of protons; this state is called the 
point of zero net proton charge (PZNPC). If the pH increases 
beyond this point, there will be a net loss of protons, 
conferring a net negative charge to the surface. Conversely, if 
the pH decreases below that of the PZNPC, there will be a net 
gain in protons, conferring an overall positive charge to the 
surface (Dzombak et al. 1987). Thus, under the more basic 
conditions (higher pH) achieved during daytime 
photosynthesis, algae cells will tend to have a negative net 
surface charge, and will attract more metal ions than under 
more acid ic conditions (lower pH). Thus, diel cycles in pH 
resulting from algal photosynthesis and respiration will also 
result in diel metal cycles that can be detected in the water, 
and, perhaps, in the amount of metal in the algae themselves. 
Several previous studies have confirmed that diel 
metal cycles are controlled primarily by algal metabolism (and 
to a lesser degree, temperature); these studies have focused 
primarily on freshwater systems. Studies of trace metals in 
estuary systems have tended to focus instead on element 
speciation. Diurnal arsenate (Ar+5) cycles in two sites along 
Whitewood Creek, South Dakota, were seen to be dependent 
on photosynthesis-driven diurnal pH cycles and adsorption-
desorption processes in bed sediments (Fuller and Davis 
1989). Nimick et al. (2003) observed significant diel cycles in 
concentrations of Cd, Mn, Ni, and Zn in streams draining 
historical mining areas in Montana and Idaho. These cycles 
were synchronous with diel cycles in pH and water 
temperature; they note that these metals were in highest 
concentration at night (reaching a maximum at around 6:00) 
and were in lowest concentration during the daytime 
(reaching a minimum at approximately 18:00). Beck et al. 
(2009) identified benthic cycles of algal photosynthesis and 
respiration as responsible for the diurnal DO, CO2, and pH 
variations in the Riou Mort stream in France, in turn 
influencing the diurnal Cd cycles observed in the stream. 
Adsorption of metal ions is not the only mechanism by 
which algae sequester metals from the water. Algae require a 
number of metals in small amounts, as micronutrients, for 
various metabolic functions. Among the metals algae require 
are Mg (found in chlorophyll), Mn (in the oxygen-evolving 
complex of photosystem II), Co (in Vitamin B12), and Fe, Mo, 
Zn, Cu, Co, and V (all active components of enzymes) (Graham 
et al. 2009). The degree to which algae require these metals, 
present in trace concentrations in estuarine water, will 
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determine what amounts the algae remove from the water by 
absorption (intracellular uptake). 
Photosynthetic microalgae have been proposed as a 
viable source of renewable biofuel, the only source of 
biodiesel with the potential to displace fossil diesel. Algae are 
characterized by rapid growth and high oil content, typically 
20-50%. It is estimated that between 1 and 3% of the total 
U.S. cropping area would be enough to produce algal biomass 
to meet 50% of the country's transportation fuel needs (Chisti 
2007). However, the presence of trace metals in algae can 
possibly interfere with their use to produce biofuels. Trace 
metal contaminants in a biofuel source are undesirable and 
influence choice of combustion technology, deposit 
formation, emissions, and corrosion (Obernberger et al. 2006). 
Algae also have a potential use as a tool for 
bioremediation, the removal of pollutants from estuarine 
water. Many organisms, including algae, have what is known 
as bioaccumulation capacity; they are able to tolerate internal 
metal concentrations in excess of their known or immediate 
physiological needs. Some metals, including Cd and Hg, have 
no known biological functions; however, other metals that do 
have a function in the organism at some level may eventually 
reach a level that causes significant adverse effects on the 
organism (Connell 2005). The question is to determine 
whether algae in the floway setup are effective at 




All syringes, sample bottles, centrifuge tubes, and 
microcentrifuge tubes used for sampling and sample storage 
were acid-washed in dilute reagent-grade HCI or aqua regia 
baths and rinsed with Milli-Q ultra pure water prior to use. Lab 
work was carried out in a HEPA-filtered laminar flow hood. 
Field Experiment: Time Series 
Water and algae samples were collected for trace 
metal analysis during the period 16- 22 June 2010. Samples 
were taken at the top and bottom of the Double Floway 1 at 
VIMS at 05:00 and 16:00 daily. These sampling times were 
selected because they represent points of minimum or 
maximum pH, dissolved 0 2, and temperature in the water 
column, respectively. Water samples (~so ml} were collected 
using acid-washed plastic syringes. Samples were syringe-
filtered in the field using acid-washed nylon 0.45-µm filters. 
The pH of the samples was adjusted to ~pH 2 using clean 
concentrated nitric acid (QHNO3, 200 µL}. Algae samples were 
also collected with a 60-ml syringe, using the tip to loosen and 
detach biomass from the mesh grid over a total area of 42-126 
cm2• 
Reagent Preparation 
Algae wash (EDTA-oxalate} and rinse (NaCI-HCO3- } 
solutions were prepared following protocols adapted from 
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those used by Tang and Morel {2006}. Clean Che lex 100 resin 
and ammonium acetate buffer were prepared based on a 
method from Beck and Saiiudo-Wilhelmy (2007}. 
Sample Processing 
All water samples were UV-irradiated for a period 
approximately 4 hours (Gueguen et al. 1999}. Each sample 
was then adjusted to pH ~s-9 by addition of 1.1 ml of 
concentrated clean ammonium hydroxide (QNH4OH}. The 
samples were extracted through 1.0-ml columns of clean 
Chelex 100. The columns were each rinsed three times with 1-
ml aliquots of 1% clean ammonium acetate (QNH4OAc} to 
remove salts. Three 2-ml aliquots of 2N trace metal-grade 
HNO3 were added to the columns to elute the metals into pre-
weighed, acid-clean sample vials. 
Algae samples from each time point were 
homogenized, divided into two clean 60-ml centrifuge tubes, 
and centrifuged (10 min. at 1000 rpm and 24QC}. The 
supernatant was discarded, and one tube of each pair was 
reserved for total metal determination. The other algal 
sample was washed of extracellular metals by resuspension in 
10 ml of oxalate-EDTA algae wash solution for 10 minutes. 
These samples were then centrifuged, and the pellets 
subjected to five "rinse" cycles with 10 ml of sodium chloride-
sodium bicarbonate rinse solution. The algae pellets were 
then oven-dried (60QC} for a minimum of about 24 hours. 
Samples were transferred to ceramic crucibles and ashed at 
5002C for 12 hours. 
The sample ash {25-50 mg) was digested using 
sequential treatments of 2M NaOH (0.25 ml at 602( for 1 
hour), and concentrated aqua regia {1.25 ml at room 
temperature). 
Sample Analysis 
Algae and water samples were analyzed by inductively 
coupled plasma mass spectrometry {ICP-MS). Unextracted 
water samples and algal digests were diluted 1:10 in 1% 
QHNO3 containing 4 ppb In as an internal standard, while 
extracted water samples were diluted by a factor of four. 
Standard calibration curves were run in advance of all 
samples. 
Water Quality Analysis 
A YSI water chemistry sensor was used to monitor 
fluctuations in pH, dissolved oxygen, and temperature over 
the course of the experiment. Also, oxygen microprofiles 
were measured with a Clark-type electrode (Unisense, 
Denmark) across the biofilm interface during the 48-hour 




Substantial diel cycles of pH (7.5-8.4), dissolved oxygen 
{140-285 µM), and temperature (24.75-332() were observed 
in the floway outlet water over the course of the seven-day 
experiment (Fig. 1). pH, DO, and temperature all peaked in the 
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Fig. 1- Dlel cycles of pH, dissolved oxygen, and temperature In Double Floway 1. 
Dissolved Oxygen Levels in the Water Column and Biofilm 
Oxygen microsensor probe measurements indicated 
that diel cycling of DO in the water column was driven by 
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Fig. 2- Oxygen microsensor profiles of the floway water column and biofilm. (a) 
Two representative 0 2 profiles collected on June 21
st
, 2010. (b) A compilation of 
all 0 2 mlcrosensor data collected over the final 48 hours of the experiment. 
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DO concentration also exhibited diel cycling in the biofilm 
itself (Fig. 2b). During the daytime, DO concentration 
increased to greater than 400% saturation. Conversely, at 
night, anoxia was observed at and below a depth of about 0.2 
mm. DO in the biofilm ranged from approximately O µM up to 
1020 µM. 
Diel Cycling of Manganese 
Mn was the only metal for which diel cycling was 
consistently observed in the floway, both in the water column 
and in the total metal in the algae (Fig. 3). 
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Fig. 3- Diel Cycling of Mn in the floway water and algae. Mn concentration (nM), 
in blue, in the outflow of Double Floway 1 compared to pH (red) and the amount 
of Mn In the algae at the bottom of the floway (green). The black line Is a moving 
average of the 48-h time series, shown to reduce scatter In the data. 
Mn concentrations in the water fluctuated with an 
opposite pattern to that of pH (Fig. 3). The amount of total 
Mn in the algae covaried inversely with dissolved Mn in the 
water. 
Cellular Distribution 
Measuring both total metal present in the algae and 
just the intracellular metal present (achieved by washing the 
algae cells with oxalate-EDTA), allowed the relative amounts 
of extracellular (adsorbed) versus intracellular (absorbed) 
metals to be determined and compared. A large difference 
was observed between the proportion of extracellular Mn and 
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Fig. 4- Average percentage of each metal adsorbed to the outside of the algae 
cells. 
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The content of extracellular Mn in the algae averaged near 
70%, whereas the percentages of all other extracellular metals 
averaged 30% or less. Fe was located almost entirely inside 
the cells, with only about 10% extracellular. 
The only metal whose concentration in the water 
exceeded that of Mn was Fe; however, almost 90% of the Fe 
was located inside the algae cells and thus was unlikely to be 
influenced by diel pH and DO cycles in the water column. 
When compared to V, Cu, and Cd, the concentration of Mn 
was between about 10 and 300 times higher. It is possible 
that V, Cu, and/or Cd did undergo diel cycles, but that the low 
concentrations of the metals in the water made these cycles 
undetectable. 
Efficiency of Metal Uptake 
A comparison of the relative metal concentrations in 
the water to the relative total amounts of the metals in the 
algae suggests that removal of the metals from the water did 
not occur proportionally to their concentration. 
Table 1- Average metal concentration in the water and algae. Columns 2 and 3: 
average metal concentration in the water (nM) and relative average amount of 
metal in the algae (µmol/g sample ash) at the bottom of the floway (outflow). 
Columns 4 and S: same information as columns 2 and 3, but with all values 
normalized to Cd=l. 
Water Algae Water Algae 
Metal Average Avg. metal Relative Relative avg. 
cone., content, (µmol avg. metal content, 
(nM) /gash) cone., (µmol /gash) 
(nM) 
Fe 1155 628 1889 300008 
Mn 309 29 sos 13929 
V 32 1.4 53 651 
Cu 5 0.4 8 168 
Cd 0.6 0.002 1 1 
The ratio of the concentrations of Mn to Cd in the water, 
for example, is about 500:1, whereas the ratio the total 
average amount of Mn to Cd in the algae is almost 14,000:1 
(Table 1). The algae uptake metals in proportions different 
than those in which they are present in the water. 
Mn was removed much more efficiently from the water 
than was Cd; 45% of the Mn entering the floway was 
sequestered by the algae, whereas only about 1% of the Cd 
was removed (Table 2). Thus, the biofilm removes some 
metals from water more efficiently than others. 
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Table 2- Efficiency of metal removal from the water by the biofilm. The total 
metal entering the floway (mmol) during the week-long experiment, from June 
16th-22nd compared with the total floway inventory (mmol), the amount of metal 
removed from the water by the biofllm in total over the same period. The final 
column represents the percentage of the metal entering the floway that was 
removed by the biofilm. 




Mn 206.6 93.95 45.47 
Cu 3.797 1.133 29.84 
Cd 0.5646 0.006463 1.145 
Discussion 
Diel cycling was observed for Mn. More than 60% of 
the cellular Mn content was on the outside of the algae, 
suggesting that diel metal cycles are indeed controlled by 
adsorption-desorption processes, and not internalization. Mn 
was present in the algae cells at high relative concentrations 
(an average of approximately 29 µmol/g sample ash), higher 
than all other metals except Fe, and diel cycles were 
recognizable in the total metal content of the algae. 
The hypothesis that the die I cycles would be seen for 
most or all metals present in the water column was based on 
the assumption that metals would primarily be found 
adsorbed to cell surfaces, not internally. Yet, our results 
suggest that more than half of the total amount of each metal 
in the algae cells (with the notable exception of Mn) is actually 
located inside the cells. There are several possible 
explanations for this trend, coupled with the substantial 
sequestration of metals in the algae in comparison to their 
presence in the floway water. One possibility is that, even if 
the immediate physiological needs of the algae are not great 
enough to explain the high intracellular metal content of the 
algae, the effects of the algae's intracellular and total 
bioaccumulation capacity are. It is expected that algae would 
uptake a higher percentage of, for instance, Mn, a metal 
present in and necessary for the proper functioning of oxygen-
evolving complex of photosystem II as well as certain 
enzymes, than they would of Cd, a metal which has few 
known biological functions, and whose presence is toxic to 
many organisms. The fact that Cd is taken up at all by the 
algae (about 1% of the Cd that entered the floway over the 
course of the experiment was removed by the biofilm) and 
that 45% of the Mn is removed, suggests that the algae are 
probably able to tailor their metal uptake to satisfy their need 
for and ability to store individual metals. This, essentially, 
suggests that algae may be a useful tool for bioremediation of 
contaminated waters. Clearly, algae are more efficient at 
removing certain metals from the water than others (compare 
Mn, 45%, to Cd, 1%), and their potential application for 
bioremediation would depend on what metals are targeted. 
The localization of the metal in the algae to the cell 
interiors suggests that, were biofuels to be produced from 
algae in the floway, it is more likely that the fuels would 
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become contaminated with trace metals than if the metals 
were located primarily on the outside of the cells. Removal of 
metals from the cell exteriors may be a relatively simple 
process, and metals located on the outside of cells would be 
less likely to be extracted along with the cell oils necessary for 
biodiesel production. Extraction of oils from the algae cells 
might also result in uptake of metals, which ultimately could 
wind up in biodiesel. 
Whether the use of the same batch of algae for both 
bioremediation purposes and biodiesel production in a setting 
like an algal floway would be practically feasible and 
environmentally sound requires further investigation. It may 
be that these processes both serve tremendous purpose, but 
that they must be undertaken as separate operations. 
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A study was performed on algae-growing "floways" in 
which a natural algal community was subjected to a low 
nutrient environment. Lipids were expected to increase which 
would be beneficial for biofuel applications however those 
data are not yet available. It was found that low nutrient 
availability probably limits algal biomass, causes them to die 
off, and perhaps causes a change in the taxonomic 
composition of the community. 
Abstract: 
Algae have long been known as a potential source for 
biofuels. Despite a large number of benefits over land-based 
crops algae-based biofuels have still not been mass produced 
due to issues with cost-effectiveness. In this study we 
explored the possibility of manipulating a natural estuarine 
community of algae to produce higher lipid contents using 
inexpensive methods. This paper reviews samples taken for 
algal biomass and species composition along with water 
chemistry data in hopes that when the lipid data become 
available they can be coupled together to produce a greater 
understanding of inexpensive methods to increase biofuel 
production per biomass efficiency of natural algae 
communities. 
Introduction: 
Over the last several years algae have been the 
subject of significant attention due to their high lipid content 
that serves as a potential source for biofuel. Algal production 
rates per unit area greatly exceed those of several other land-
based biofuel crops such as corn and switchgrass (Dismukes et 
al. 2008}. Algae can therefore be used to produce more 
biofuel in less time than other land-based crops that we are 
currently cultivating for biofuels. Our ability to produce land-
based crops for biofuels is limited by the amount of arable 
land available for farming. Arable land must be fertilized and 
cycled each season to ensure a good crop, causing issues with 
pollution and eutrophication in our waterways; a 
phenomenon induced by excess nutrients where detritus from 
algal blooms is metabolized by benthic bacteria causing 
oxygen deplete conditions that are harmful to surrounding 
organisms. Land-based crops also require enormous amounts 
of freshwater irrigation (Dismukes et al. 2008). 
Algae on the other hand require only sunlight and the 
natural levels of nutrients that occur in the oceans to flourish 
(Mata et al. 2009). Many algae are photoautotrophic 
organisms; they are constantly removing carbon dioxide from 
the environment and adding oxygen. They therefore have the 
potential to remediate the effects of global warming (Schenk 
et al. 2008). Not only will they remove these greenhouse 
gases, but they are also known to remove other harmful 
toxins that pollute our waterways (Adey et al. 1993). Algae 
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have the potential to work wonders in repairing our damaged 
ecosystems as well as providing us with lipids for biofuel. 
Replacing our land-based biofuel crop with algae could free 
land for other uses, help save our freshwater reserves, add 
oxygen and remove carbon dioxide from our atmosphere, 
remove toxins from the water, and require less overall area 
for the same amount of production as the land-based biofuel 
crops we use today. 
Algal farming produces very high lipid yields across a 
wide range of species. Some species regularly produce 50% to 
60% of their dry mass in lipids (Sheehan et al. 1998). These 
lipids are similar to the vegetable oil produced by land plants 
and therefore are suitable for biofuel production. Although 
the chain length, degree of saturation, and proportion of 
triglycerides of the lipids varies with species and culture 
conditions, most appear feasible for biofuel production. 
Research into manipulating algae to produce higher lipid 
contents discloses that algae produce higher amounts of lipids 
when subject to certain environmental stressors (Griffiths and 
Harrison 2009). 
Despite being aware of the benefits of algae-based 
biofuels for more than a decade we have neglected to initiate 
large scale algae culture. Enormous amounts of research have 
been conducted testing algae and the realism of their large-
scale culture for biofuel. Efforts have been placed on using 
single species and genetic engineering with complex 
photobioreactors to produce the highest possible lipid yields. 
However, this approach makes the process both complex and 
expensive, as well as a potential ecological disaster (Dismukes 
et al. 2008). Perhaps the main reason that algae biofuels have 
not taken off is because the majority of methods tested have 
proved to be cost-ineffective. 
More realistic approaches for mass-culture of algae for 
biofuel production are needed. By removing the expenses of 
high-yield-species isolation, genetic modification, and 
preparation in photobioreactors, large scale algae culture may 
become cost-effective. Despite lower lipid yields, using natural 
algal communities may prove expedient because they require 
only a substrate on which to grow with no expensive 
technologies for culture. In this study we examined a natural 
community of algae in hopes that we could manipulate it 
using simple technologies for higher lipid production. 
Objectives: 
The goal of our experiment was to test the effect of 
nutrient depletion on a natural, wild, and diverse Chesapeake 
Bay estuarine algal community and to document the 
difference in lipid content, biomass accumulation, and species 
composition that occurs in algae subject to water with low 
nutrient levels. We hypothesized that algae communities 
stressed by low nutrient levels will have increased lipid 
content, a decreased biomass accumulation, and a different 
species composition. Our goal was to show that by managing 
the environment of algal communities we can manipulate 
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them to produce more lipids and with it more biofuel. We 
hope this information can be used in assessing whether using 
natural communities of algae, despite having lower lipid 
yields, is more cost effective than other methods for algae 
culture that are more relient on expensive technologies. 
Methods: 
Two essentially identical lm x 25m algal floways were 
constructed and used based on a design by W. H. Adey of the 
Smithsonian Institution. These floways were placed on the 
banks of the York River at the Virginia Institute of Marine 
Science (VIMS). They were each seeded with natural York 
River communities of algae and allowed to flourish for one 
week before the start of the experiment. Unfiltered York River 
water was pumped to the top of each floway and released by 
a dump bucket continuously during those seven days prior to 
the experiment. At the start of the experiment a different 
system of pumping water was used to simulate nutrient 
depleted conditions for the experimental floway. Water was 
pumped from the York River to the top of the control floway 
where it then flowed down the length of the floway and was 
collected in a basin. That "used" water was then pumped to 
the top of the experimental floway where it then flowed down 
and was discarded after running the length of that floway. 
Prior experiments show that nutrients are depleted by about 
half after flowing down one floway. Therefore the 
experimental floway had water with about half of the 
nutrients as the fresh York River water that flowed down the 
control floway. The water was pumped in this manner for the 
duration of the six day experiment. The morning of each day 
of the experiment the water flow was temporarily shut down 
so that samples could be taken. Samples were taken for 
biomass accumulation, species composition, water quality, 
water chemistry, and lipid content at the top and bottom of 
each floway on days 1-4 and 7. 
Biomass accumulation samples were taken using a 
25cm x 25cm quadrat. The quadrat was placed at each 
location haphazardly three times and the algae within was 
collected using metal scrapers. Biomass samples were then 
placed in a refrigerator for more than an hour before the 
supernatant {water} was poured off. The remaining algae and 
water slurry was then placed in the oven for dewatering at 
105 degrees C for at least for days. The dry mass was 
measured and then the remaining dewatered algae were 
combusted in a furnace at 550 degrees C for 5.5 hours. The 
remaining ash was measured and then used to determine the 
ash-free dry mass of each sample. 
Species composition samples were taken in a similar 
manner to the biomass samples. Each day haphazardly placed 
5cm x 5cm quadrats were used to collect three samples at all 
four floway locations. The algae were scraped into a small vile 
and immediately preserved in a 4% formalin solution, 
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vortexed, and placed in the refrigerator. Several days later 
these samples were then placed in approximately 500ml tap 
water and blended on high for about 20 seconds. A pipette 
was used to take small amounts of sample from the blended 
algae and water solution and placed on a slide for observation 
under the light microscope. 10x oculars were used with 20x, 
40x, and 100x objectives to determine the composition of 
algal taxa present in the samples. Several taxonomy texts 
were used to assist in identification of present taxa including 
those by Prescott {1951}, Round et al. (1990}, and Wehr and 
Sheath {2003}. Between 100 and 200 individual diatoms were 
counted, identified, and determined to be living or dead per 
sample using random fields of view. We classified diatoms 
with plastids as living and those without {having empty 
frustules) as dead at the time of formalin preservation. 
Daily water quality was taken as well. Hourly 
measurements were taken between 0900 and 1700 using a 
Yellow Springs Instruments data sonde that measured 
temperature, salinity, pH, and dissolved oxygen. 
Both lipid content of algae and water chemistry data 
were taken daily as well. These samples are being processed 
by Dr. E. Canuel (with associated students and staff) of the 
Physical Sciences department at VIMS. 
Results: 
Thus far no lipid or water chemistry data is available 
due to the amount of time it takes to process those samples. 
Biomass and water quality data are entirely available. Species 
composition samples were processed from the final day of the 
lipid trigger experiment. We used the texts available for 
taxonomy (Appendix 1) but were severely limited by our 
equipment (light microscopy) being unable to use scanning 
electron microscopy which is an essential piece of diatom 
classification to the species and even the genus level. The 
following are the results of the lipid trigger experiment 
samples that have been processed : 
Water Quality (see Figure 1) 
Water temperatures increased throughout the day and 
dropped off during the late afternoon . There was not much 
variation in water temperatures on any given sample location 
between different days, with the exception of June 25th . The 
upper sections of each floway had lower temperatures than 
their respective lower sections. The control floway (floway 1) 
had a lower temperature than the experimental floway at all 
times monitored during the experiment. 
Salinity varied each day and between each day. It 
stayed relatively constant, however, between values of 20.6 
ppt and 21.6 ppt during the duration of the experiment. There 
was no large difference between any floway location at any 
given time. 
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Dissolved oxygen (DO) also increased throughout each 
day and decreased into the night. DO was the lowest in the 
upper control floway when compared to the other three 
sampling areas. As the experiment progressed DO increased in 
the lower control floway. The experimental floway showed 
higher DO in t he lower than the upper floway, but with a 
much smaller difference within floway than between the 
upper and lower control floway. 
21 6 
Figure l(left) shows hourly YSI water data for the first four days of the 
Salinity 
~. 
experiment. Sol id lines are for upper floways and dotted are for lower 
21' floways. Pink is the control and blue is the experimental. Water quality 
I data was only taken during these first four days. 
! 212 t 
~ 
t Biomass (See Figure 2) s 1 ;ii 21 0 } 'J Dry mass accumulation data paralleled ash-free dry 20 8 ~ mass (AFDM) data very closely. On the last day of the 
20 6 
experiment both dry mass and AFDM were highest in the 
6/22/2010 6/23/2010 8124/2010 8125/2010 11/2612010 upper control floway. The rate of biomass accumulation 
10 appeared to be lowest in the upper experimental floway. On 
DO 
the last day of the experiment approximately the same dry 
!' mass and AFDM were obtained on the lower control and r; r upper and lower experimental floways. Throughout the f 7 
experiment the biomass accumulation between both upper 8 
floways and both lower floways were more similar than that /\ 
Jt between the top and bottom of each individual floway . 
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Figure 2 shows mean biomass data from the three daily samples per site 
(none were taken on the weekend of the 26th and 2ih) during the lipid 
trigger experiment. Date is on the x-axis and ash free dry mass is on the 
y-axis. Standard error bars are shown. 
Species Composition {See Figure 3) 
Samples for species composition were analyzed 
taxonomically to the extent that they could be with the 
equipment available. 23 taxonomic groups of diatoms were 
observed in the slides prepared from the final day of the 
experiment. In all 2431 individual diatoms were counted of 
which the most predominant taxa were small unidentifiable 
pennate diatoms at 24%, Berkeleya spp. which made up 23%, 
and Navicula spp. which made up 17% of all those counted in 
all of the samples. 
In addition to taxonomy the number of dead versus 
living diatoms was observed in these samples. The percentage 
of living diatoms from these sampled varied from a high of 
IOI 
95.4% to a low of 26.2%. Overall the percent of living diatoms 
on the upper floways was 86.72% compared to a 44.12% on 














Lower Upper Lower 
Experimental 
Figure 3 on the left shows percentage of all diatoms and on the right 
shows number of living versus dead diatoms that were counted. 
Standard error bars are shown on the right. All of the diatoms with less 
than 1% abundance were placed in the category "other" on the right. 
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Discussion: 
Water quality was measured to ensure similar 
conditions between the two floways to validate that the only 
variable was nutrient availability. It was discovered that there 
was on average a three degree difference between the control 
and experimental floway at both locations per floway that 
could have been an unintended stressor in this experiment. 
Salin ity, however, was essentially the same between all four 
sites at any given time. Salinity varied based on time probably 
due to tidal changes and precipitation levels upriver. Dissolved 
oxygen levels are driven by photosynthesis and the daily 
increases that we saw paralleled the highest sun intensity. It 
seemed as though that as water flowed through the first 
floway the DO levels were driven to a certain level at which 
they remained for the second floway. This might be due to the 
oxygen reaching a certain level of supersaturation at which 
any more produced by photosynthesis was precipitated. It is 
important to keep in mind that the experimental treatment of 
low nutrient levels was not the only difference between the 
two structurally identical floways. It was found that 
temperature was on average three degrees higher on the 
experimental floway than the control and that dissolved 
oxygen levels were higher on the experimental. 
Biomass data showed that over the last three days the 
experimental treatment, nutrient depleted floway had no net 
growth. This suggests that the biomass was limited by the 
nutrient availability. This however could have also been 
affected by the increased temperature in the experimental 
floway. In addition the lower floways had lower biomass 
accumulation than the upper floways for each treatment. This 
could be due to any number of reasons such as a lower water 
velocity at the bottom of the floways than the top, a higher 
temperature and dissolved oxygen at the bottoms, or an 
increased number of dead matter at the bottom of the 
floways. It will be important to keep this in mind for future 
floway designs. Perhaps a shorter floway would be more 
productive, for example. 
Our high diversity of diatoms shows a very complex 
ecological system on our floways. There was however not 
strong evidence for a significant difference between the upper 
floways and the lower floways in species composition. There 
were several more living diatoms at the tops of the floways 
than the bottoms though, which may also be a driver for the 
lower biomass at the floway bottoms. 
In all, this study was performed to supplement the lipid 
data which is still unavailable. We will use this data on 
taxonomic composition, biomass, and water quality in 
addition to the lipid and water chemistry data to get a fuller 
understanding of the dynamics of the floways. It will be 
important to continue these studies in the future in order to 
validate our findings with more replicates. 
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Synopsis: The data for this study was gathered in the York 
River off of Clay Bank in June of 2008. Analysis 
indicated that the topmost oxidized layer of 
sediment, or fluff layer, was significantly affected by 
day, pressure, sediment average, and U and V 
currents. 
Abstract: 
The purpose of this study was to determine if 
bioturbation and water currents affected the deposition and 
erosion of the topmost layer of oxidized sediment, referred to 
as the fluff layer. Images taken by an underwater sediment 
profile camera, called Wormcam, were used to measure 
changes in sediment conditions at certain hours over the 
course of 19 days. Variables measured from the images were 
burrow number and area, number of animals, sediment 
average thickness, and fluff layer average thickness. Current 
measurements were gathered by an ADV deployed at the 
same time as the camera. Variables from the ADV included U 
and V current velocities and pressure. Analysis revealed that 
the average amount of fluff layer was significantly affected by 
day, pressure, sediment average, and the strength of U and V 
currents. The data suggests that the fluff layer is affected 
more by physical forcings, rather than biological. 
Introduction: 
The color of sediment has often been used to indicate 
whether the elements in the sediment are oxidized or 
reduced. Oxidation of sediment occurs when elements have 
electrons pulled away and oxygen is added. Reduction occurs 
when electrons are given by a donor atom like hydrogen and 
oxygen is removed. There is a visible color difference between 
these two states of sediment. Reduced sediments usually have 
a green-grey color while the oxidized sediments have a brown 
or yellow color, making the two layers distinguishable. The 
color results from the oxidation or reduction of metals such as 
iron {Fe) and manganese {Mn). Furthermore, it has been 
tested and shown that the boundary between these two 
colors is the site where Fe {Ill) is reduced to Fe {II). The 
oxidized layer weighs less than the reduced layer, and 
therefore often lies on top of reduced sediment. The part of 
the oxidized sediment that is constantly in contact with 
oxygen and is easily transported by currents is known as the 
"fluff layer," the top-most layer of sediment. However, 
reduced sediment can become oxidized sediment and vice 
versa depending on the presence of oxygen. {Lyle, 1938). 
Reduced sediment can be exposed to oxygen through 
bioturbation or current action. Bioturbation refers to the 
disturbance of soil or sediment due to the activities of living 
organisms {Perkins, 2009). Some common examples of 
bioturbation in a marine environment include burrowing, 
feeding, and the excretion of waste {Diaz and Cutter, 2001). 
Activities such as burrowing aerate the sediment, bringing 
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reduced sediment to the top of the sediment layer where it 
can be oxidized. Burrows often become lined with brown 
oxidized sediment as a result, while the sediment around the 
burrow is a reduced grey {Aller, 1994). 
While bioturbation has the potential to increase the 
amount of oxidized sediment, it can also decrease the 
amount. For example, the process of burrowing may displace 
some of the lighter oxidized sediment, such as the fluff layer, 
allowing it to be swept away by water currents. Bioturbation 
such as that caused by large fish or crustaceans foraging for 
food can also erode the oxidized sediment. 
The presence of organisms does not contribute solely 
to the oxidation of sediments. Some marine organisms also 
produce reducing agents. The most common reducing agent 
found in a marine environment is organic carbon, which is 
generated by primary producers such as diatoms and 
phytoplankton (Lyle, 1983). Aerobic bacteria also use up 
oxygen in their biological processes, reducing the sediment 
they reside in . While such organisms are often too small to 
view easily with the naked eye, the sediment in which they 
reside should be reduced. As such, their presence will be 
reflected by the coloration of the sediment. However, that is 
not to say that all bacteria reduce sediment. 
Understanding what factors influence the oxidation 
and reduction of sediment creates a firmer grasp of its 
geochemistry and what it is sensitive to. The presence of 
fauna such as worms and crabs play a vital role regulating 
sediment redox. This is important as oxidized sediment serves 
as a buffer between toxic compounds in the reduced sediment 
and the water column (Correll, 1999). 
I hypothesized; 1- that the amount of bioturbation in 
an area has an effect on the amount of oxidized sediment 
present. Bioturbation causes the aeration of sediment and can 
expose reduced sediment to oxygen. Therefore, as the 
amount of animal activity increases, the amount of oxidized 
sediment should also increase. 2- Currents may play a major 
role in erosion and deposition of oxidized sediment, and will 
interact with bioturbation to enhance sediment oxidation. My 
objective in this study is to gain a better understanding of the 
effect of bioturbation and currents on the apparent 
geochemistry of the surrounding sediment. 
Data gathered by an underwater sediment profile 
camera and an Acoustic Doppler Velocimeter (ADV) were used 
in this study. The camera, called Wormcam, provided images, 
from which measurements of sediment and animal activity 
could be taken. The ADV recorded current strength and 
pressure. This made available several variables that could then 
be analyzed to find a trend or correlation with the average 
amount of fluff, if any existed. 
Results of multiple regression analysis indicated that 
the area of animal burrows and pressure had a significant 
impact on the amount of fluff on top of the sediment layer. 
This indicates that physical forcings may have a larger impact 
on the fluff layer than biological ones. This means that the first 
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hypothesis was supported to some extent, as the area of 
burrows had an impact. However, other variables that 
represented bioturbation were not significant in this study, 
and the second hypothesis was disproven as the currents did 
not have an impact. 
Methods: 
There were two sources from which data was compiled 
for the study: a Worm cam and an Acoustic Doppler 
Velocimeter. A Wormcam is an underwater sediment profile 
camera system that was developed at VIMS and is capable of 
taking and transmitting cross-sectional time-lapse images of 
sediment. These images provide in situ observation of the 
activities of fauna a few centimeters above and below the 
sediment, as well as the erosion and deposition of sediment. 
The data are then used to better understand the impact of 
marine life on the stability of sediment, as well as study the 
other forces that can alter sediment deposition, erosion, and 
transport. On June 6th of 2008, a Wormcam was used to 
conduct an in situ study on bioturbation. It was deployed at 
Clay Bank on the York River (37 20.886' N 76 36.833' W) at a 
water depth of 8 meters. The camera was pulled up for 
maintenance and placed back in its position on June 12th . The 
study lasted until July 6th, at which point the glass plate in 
front of the camera was so fouled that the images were no 
longer clear. (Nelson, 2009) 
The Wormcam was activated for three minutes every 
hour of the day, during which it would take three to twelve 
pictures. For analysis, hours during which there was a high or 
low tide where selected and from these hours the clearest 
image was chosen to represent that hour. Each image was 
labeled with date and time, at tick marks lined each side of the 
image, the space of two tick marks representing 1 cm. These 
images were then used to measure the amount of overall 
sediment and fluff layer, and to determine the level of animal 
activity. The data gathered by the Wormcam were measured 
using Image J, with a scale of 142 pixels per 10 mm. 
Bioturbation was measured in 3 variables: the number 
of animals seen, the number of burrows, and burrow area . 
Animals were counted using all photographs taken by the 
Wormcam over a 4 hour periods, each day having 6 periods. 
The empty or occupied burrows were counted for a specific 
hour, while burrows filled with sediment were excluded from 
the count. The area of the burrows were then measured and 
calculated using the formula for rectangles. The areas for 
individual burrows were then added together to form the 
total burrow area for a specific hour. Two other variables were 
recorded from the images: sediment average and fluff 
average. Sediment average was determined by taking three 
measurements of the height of sediment: one at the center 
horizontal mark and the two at 3-cm on either side of the 
center mark. The three measurements were then combined to 
make the sediment average for that image. Fluff average was 
measured in a similar way. The topmost layer of brown, 
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oxidized sediment was measured at the same three points the 
sediment average was measured at, and then combined to 
form an average. All measurements were then analyzed using 
Microsoft Excel and JMP. 
An Acoustic Doppler Velocimeter (ADV) is an 
instrument that can measure the flow and velocity of water 
currents using sound waves. The ADVs used in the 2008 study 
by Cartwright et al. (2009) were Sontek 5MHz ADV Ocean 
Probes. The ADV deployed at Clay Bank from February to 
September was 39 cm long, with one acoustic transmitter and 
3 acoustic receivers. The transmitter emits a sound pulse that 
goes out and bounces off suspended particles it encounters in 
the water. The receivers pick up the sound and record the 
data as one sample. The sampling rate of this ADV was 10 Hz, 
or 10 records a second, for two minutes. Every 15 minutes, 
the instrument sent a data burst back to VIMS, which contains 
the records of 1200 samples which are then averaged into the 
burst average for those 15 minutes. (Cartwright et al, 2009). 
There were two vectors of current recorded, U and V. 
U currents travelled along the York River, while V currents 
travelled across the river. The values for current velocity were 
positive or negative depending on the direction of flow. 
Velocities were negative (Grace Cartwright, personal 
communication) during ebb flow, when the current travelled 
southeast down the river, while positive velocities 
represented the flood flow of currents northwest up the river. 
For this study, U currents were used, as this was the current 
which travelled directly across the Wormcam's vision . 
Pressure data, an indicator of water depth, were also used in 
the study. 
Two main sets of measurements were taken : one 
during the hours of high and low tides, and the other at 
specific points of water current strength. The hours of 
maximum and minimum current velocities were selected for 
data collection. As the velocities rose and fell from positive to 
negative points, hours with velocities closest to zero between 
a max and min event were also chosen for measurements. It is 
important to keep in mind that obtaining accurate sediment 
measurements was difficult as sediment was constantly being 
eroded and deposited . Also, measurements of animals 
burrows are likely vary between the measurer, as personal 
judgment comes into play when determining what to identify 
as a burrow and how to measure it. 
Results : 
I expected to see a positive correlation between the 
amount of oxidized sediment and the occurrence and 
frequency of bioturbation. As bioturbation increased, the 
amount of oxidized sediment should also have increased. By 
using multivariate analysis and leverage plots, it was 
determined that variables with a significant impact on the 
thickness of the fluff layer included day, pressure, sediment 
average, and the U and V currents. The final model included 7 
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variables: day, sediment average, pressure, U current, V 
current, and burrow area, all plotted against the fluff average 
data. This model accounted for 27% of the variance in the 
data. The leverage plots that were used to visualize the 
relationship between explanatory variable for impact on the 
fluff layer (Figures 1-5). 
The burrow measurements did not have a significant 
effect on the fl uff average, and neither did the number of 
animals. Since the number of animals did not significantly 
increase t he percent of variance, it was not included in the 
final model. The number of burrows correlated with the 
burrow area, so these two variables could not be used in the 
same model. Therefore, total burrow area was chosen for the 
analysis as it had a stronger significance value and its model 
had a higher percentage explaining data variance than a 
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Figure 1: Effect of Day on Fluff Average. The dotted blue line is the 
grand average of the fluff data. The solid red line is the line of fit, the 
model's prediction of the effect of the x variable on they variable. The 
greater the tilt of the red line compared to the blue line, the greater the 
effect. The red dotted lines are the confidence curves of the line of fit . If 
the confidence curves cross the blue line, then the line of fit and effect of 
the variable is at least 5% significant. Day had a positive correlation with 
the fluff average. The P-value of value of the relationship between day and 
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Figure 2: Effect of Pressure on Fluff Average. The confidence curves 
cross the blue line and demonstrate the significant effect of 
pressure on fluff average. Pressure has positive correlation with fluff 
average. The P-value of this relationship between pressure and the 
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Figure 3: Effect of Sediment Average on Fluff Average. Sediment 
average had a positive correlation with the fluff average. The P-value of 
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Figure 4: Effect of U current on Fluff Average. The U current, which 
was a component of the currents that flowed along the York River, had a 
negative correlation with the fluff average. The P-value between the U 
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Figure 5: Effects of V Current on Fluff Average. V current, which is a 
component of the currents that flow across the York River, had a negative 
correlation with the fluff average. The P-value was <0.0001. 
Discussion: 
There were five variables that had a significant effect 
on the thickness of the fluff layer: day, pressure, sediment 
average, and U and V currents. The first hypothesis at the 
beginning of the study was that bioturbation would have an 
effect on the fluff layer. However, the variables selected to 
represent bioturbation, such as burrow area and number, did 
not have a significant impact on the fluff layer. Therefore, the 
first hypothesis was not supported. The second hypothesis 
was that currents would have an effect on the fluff layer. As 
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both the U and V currents had significant impacts, the second 
hypothesis was supported. 
The other variables that were significant were day, 
pressure, and sediment average. Day, which represents the 
passing of time, had a positive relationship with the fluff 
average. This is possibly due to the fact that the Wormcam, 
which was an artifact in the sediment, provided a surface 
which allowed the light and easily transport sediment of the 
fluff layer to build up on the face of the camera over time. This 
is a common occurrence with instruments that are placed on 
the bottom of a body of water (Diaz and Cutter, 2001). 
Pressure, which roughly translates into water height, 
served as a representative of how water height and the tides 
affected the fluff layer. As pressure increased, so did the 
thickness of the fluff layer. When water height was at its 
highest, or at the high tides, the fluff layer thickest. As to why 
the fluff layer would be high at high tides, it is possible that 
there is a larger amount of oxidized sediment down river from 
the Clay Bank site. High tides flooded in, oxidized sediment 
could be brought up river and deposited, while low tides 
pulled this sediment away as it ebbed out. Studies in locations 
down the York River would be needed to validate this 
prediction. 
Sediment average represented the depth of 
penetration of the Wormcam, and how much sediment was 
against the camera face. The higher the sediment average, the 
higher the fluff average was. However, the sediment was at its 
thickest at the beginning of the 19-day period, and eroded 
away over time. This would seem to contradict the fact that 
day also had a positive correlation with the fluff average, 
which indicated that as time passed, the fluff layer grew 
thicker. This result is due to the fact that the multivariate 
model used for analysis predicted the impact of each variable 
on the fluff layer independently of each other. Therefore, this 
allowed both the day and sediment average variables to have 
positive correlations with the fluff average. 
Based on these findings, it seems that physical forcings 
have more of an impact on the erosion and deposition of the 
topmost oxidized layer. Further studies are needed to 
determine if this result holds true for the Clay Bank area, and 
if biological forcings have more influence at other sites along 
the York River. 
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Synopsis: There are trace amounts of oil evenly dispersed in 
the lower York River. At Conch Reef in Key Large, FL, there are 
significantly higher amounts of oil than those observed in the 
York River. 
Abstract 
Deepwater oil spills are a new type of spill that until 
recently have not been seen before. Large oil spills present a 
threat to the surrounding ecosystems. The oil introduces 
hazardous chemicals into the environment. Some of the 
impacts of the oil can be seen, such as oiled animals and tar 
balls on beaches. However many of the impacts of oil are not 
visible. These invisible impacts are the ones that require new 
technology to monitor. AUVs are a new way to monitor the 
quality of water surrounding an oil spill. AUVs can carry 
multiple sensors and are able to collect data about the water 
in a much more efficient way than a person from a boat. 
However complications with AUVs lead to an alternative 
method being used to collect the data. The Cyclops-? crude 
oil sensor was attached to a data logger. This method was 
much less efficient and collected less data than an AUV would 
have been able to collect. The data collected showed that the 
small amount of oil present in the York River was evenly 
dispersed throughout the surface layer of the lower section of 
the York River. The data collected at Conch Reef in Key Largo, 
FL showed higher amounts of oil than the York River. 
Introduction 
Large deep-water oil spills are a new type of spill that 
we have not seen before. Oil spills put hazardous chemicals, 
like PAHs, in the environment. Crude oil is a mixture of many 
other toxic compounds as well. We are able to see some of 
the impacts that the crude oil causes: oil washing up on 
beaches, damaged marsh ecosystems and it kills birds and 
fishes and turtles. However, many of the impacts are invisible 
to the human eye and can only be detected with the help of 
sensors. Sensors can give us an idea of the overall water 
quality in the contaminated area. Common water quality 
sensors include ones that show temperature, 
salinity/conductivity, dissolved oxygen, and pH. Historically, 
scientists have had to measure each parameter separately 
since each parameter has its own sensor. The sensors had to 
be held over the side of a boat on a cable or water samples 
had to be pulled up onto the boat in order to make 
measurements. New technology has created new ways to 
obtain the same data but in a much easier and more efficient 
way. Autonomous Underwater Vehicles (AUVs} are able to 
carry the sensors like a taxicab carries passengers. The AUVs 
are free-swimming robots that can sample the water column 
from shallow to deep. 
Crude oil sensors can tell us exactly how much oil has 
mixed with the water even if we cannot see it. The Cyclops-7 
fluorometer created by Turner Designs is such a sensor that 
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can be modified to detect crude oil in the water. This sensor is 
able to detect the fluorescence of the crude oil. Cyclops-7 has 
specialized band-pass emission filters that can detect 
fluorescence after the crude oil has been stimulated by a light 
source and allow the sensor to detect a large range of 
dissolved oil compounds. The lower limit of the sensors 
detection abilities is~ 0.2 ppb QS (Turner Designs}. 
Once oil has been added to an environment the 
function and energy flow of the ecosystem changes when the 
carbon source and toxins are present. Marine bacteria 
present in the ecosystem are the main degraders of crude oil, 
other than physical weathering. In a pristine and mainly 
unpolluted area the bacteria do not immediately have the 
ability to consume the oil. However, the bacteria soon begin 
to produce the enzymes that they require to use the oil as 
their energy source (National Research Council, 2003}. 
Through microbial oxidation, the hydrocarbons in the oil are 
taken in by the bacteria and converted into alcohols, ketones 
and organic acids that are much less harmful to the 
environment (National Research Council, 2003}. Since the 
hydrocarbons have a variety of complex structures there are 
usually several strains of bacteria that are involved in the 
biodegradation process. 
There are factors that limit the ability of bacteria to 
consume hydrocarbons found in crude oil. The oil acts as a 
food source for the bacteria and when excess amounts of 
nutrients are introduced to the environment the bacteria 
population begins to grow exponentially (Lalli and Parsons, 
1997). However, in order to process the complex carbons the 
bacteria also need nitrates and phosphates (Venosa, 2000). In 
most environments the major limiting factor for the bacteria is 
the oxygen that is available to them in the water column. 
Through natural process there is the same amount of oxygen 
concentration in the water column. Through natural 
processes like photosynthesis, or flux from the atmosphere, 
one could consider a baseline amount of oxygen present in 
the water before the oil was introduced. After the spill, the 
bacterial biomass that is utilizing the oxygen has increased 
exponentially, meaning that over time the amount of oxygen 
present in the water column may sharply decrease. The other 
potentially important factors affecting the bacterial growth 
rate are temperature, pressure, salinity, pH and the energy 
level of the environment. 
The most recent large oil spill was the Deepwater 
Horizon spill in the Gulf of Mexico. The explosion on April 20 
of this year lead to the well being compromised and it began 
gushing oil at the sea floor. Approximately five million barrels 
of oil leaked out into the Gulf of Mexico for three months 
after the explosion . The spreading oil slick lead to the closure 
of roughly one quarter of the federal waters in the Gulf of 
Mexico to fishermen. The National Oceanic and Atmospheric 
Administration at the Atlantic Oceanographic and 
Meteorological Laboratory in Miami was interested in 
knowing the background levels of oil in the Chesapeake Bay 
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and the Florida Keys. Background levels are important in the 
event that the oil in the Gulf of Mexico enters the Gulf Stream 
and travels up the east coast. 
An industrial area surrounds the Chesapeake Bay and 
its estuary the York River. On the banks of the York River 
there is an oil refinery, a US Coast Guard base and two US 
Navy bases. In contrast, the Florida Keys are a much less 
industrialized area. The coral reefs are 8-9 miles offshore and 
are considered to be a pristine area with few pollutants. 
Objectives/Hypotheses 
An oil refinery operates in the York River sub-estuary 
of the Chesapeake Bay. Because oil is delivered by barge, it is 
likely that some oil ends up in the river through normal 
refinery operations. My hypothesis is that since oil is less 
dense than water, any small spills at the refinery will be found 
in the top layer of the water column. The null hypothesis is 
that the oil will be found in all of the layers of the water 
column. A complementary hypothesis is that the operations 
are so clean that no contamination near the refinery is 
detectable with the fluorometer. The 
stratification/destratification cycle that occurs over the 
neap/spring tidal cycle in the York River sets the physical 
structure of the water column. The goal is to determine 
where in the water column any oil present is located. Another 
hypothesis is that any oil found in the York River will be on the 
south side of the river where the oil refinery is located. An 
alternative hypothesis is that since the York River is in an 
industrial area it will have more oil present than a coral reef in 
the Florida Keys. 
Methods 
The first step was to obtain a Cyclops-7 crude oil 
sensor on loan from the National Oceanic and Atmospheric 
Administration at the Atlantic Oceanographic and 
Meteorological Laboratory in Miami. Once I had the sensor I 
began the process of incorporating it into the AUV Fetch3.S. I 
chose a location within the nose cone and wired it into the 
electronics of the AUV. After the sensor was physically 
attached, I then needed to write a Virtual Instrument (VI) in 
LabVIEW, a graphical programming language, to collect the 
data from the sensor and convert it to engineering units (ppb) . 
Due to complications with the installation I used a 
portable data logger attached to the sensor to collect my data 
in the York River. A five-gallon bucket collected water from 
the river and the sensor tested the water on the boat. On the 
testing day there was an ebb tide so the testing site started at 
the oil refinery dock and proceeded downriver in a 
lawnmower pattern for about a mile. I then moved the boat 
across the river, stopping in the channel to collect a few more 
data points. On the other side of the river the lawnmower 
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pattern was repeated going upriver. The data collected was 
transferred to a computer and then into Excel. 
The AUVs were transported to Key Largo in Florida for 
the secondary testing. However AUVs are very complex and 
have many electronics that do not travel well. 
Troubleshooting revealed that the computer on board the AUV 
and the laptop on the boat were unable to communicate. 
Therefore t he Cyclops-7 sensor was left in the water overnight 
with a similar setup to the one used in the York River. The 
data logger was housed in a watertight box with an external 
bu lkhead where the sensor was attached. The sensor and the 
box were left approximately 65 feet deep in a sand channel 
surrounded by corals. The sensor was retrieved the next day 
and the data was transferred to Excel on a computer. 
Results 
The results of the study showed that there was no 
significant difference between the north and south sides of 
the York River. Both sides of the York River showed similar 
values of Quinine Sulfate. Figures 1 and 2 show the values on 
the York River. The t-test run between the two sides of the 
York River had an insignificant p-value. 
The results of the testing at Conch Reef were very 
significant. The t-test run between the York River data and 
the Conch Reef data had a very significant value of 10"-7. 
rr 
Figure 3 shows the amount of oil at Conch Reef, the values are 
approximately double the values of the York River. 
Discussion 
The York River showed trace amounts of oil that was 
fairly evenly dispersed. The day of the testing the wind was 
coming out of the South, which could have pushed any oil on 
the surface across the river to the north side. This could 
explain the dispersion of the oil. Also there are main possible 
sources of oil on the York River. The oil refinery would seem 
to be the most prominent but other sources throughout the 
river could allow for the dispersion of oil that was observed. 
The higher levels of oil in Key Largo could be a result of 
the Deepwater Horizon oil spill in the Gulf of Mexico. Conch 
Reef is about a mile from the Gulf Stream. Over the time 
interval that the data was collected a slight temperature drop 
was observed. Previous studies at Conch Reef have show that 
internal waves wash up onto the reef during tide changes 
(Leichter et al.). When these internal waves appear there is a 
slight temperature drop similar to what we observed. Further 
data will be collected in September to see if more data will 
show similar trends. 
Since fluorometers are unspecific sensors it is possible 
that other fluorescent objects in the water are causing the 
sensor to believe that oil is present. To correct for this the 
sensor could be calibrated using a known amount of oil in 
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pure salt water. Also taking seawater from a natural source 
and testing it against pure seawater could find a correction 
factor for the sensor. This will show if any fluorescing objects 
in the water are causing the sensor to give a false positive. 
Figures 
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Figure 1 
This figure shows the ppb Quinine Sulfate at different 
longitudes on the south side of the York River. 
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Figure 2 
This figure shows the ppb Quinine Sulfate at different longitudes on 
the north side of the York River. 
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This figure shows the ppb Qu inine Sulfate over time at Conch Reef. 
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